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Part  1 :  Electrically  oraall  antennas  embedded  In  a  dielectric 
or  magnetic  medium. 

abstract 

Phis  research  project  is  primarily  concerned  with  the  improve¬ 
ment  of  the  impedance  relationships  of  dipoles  whose  actual 
length  is  small  as  compared  to  the  wave  length  in  free  space. 

This  improvement  should  be  obtained  as  a  result  of  directly  sur¬ 
rounding  the  dipole  with  dielectric  or  magnetic  nedium^Sur- 
rounciing  shape  should  not  have  too  large  a  volume  since  the  re¬ 
sulting  increase  of  antenna  size  should  be  kept  small.  Pig.  1 
.Shows  the  arrangement  which  we  arc  studying, 

Sect.  I  states  exactly  those  characteristics  of  impedance  be¬ 
haviour  which  should  be  improved,  especially  efficiency  and 
bandwidth  of  the  dipole,,  The  value  of  the  radiation  resistance 
itself  la  not  very  important. 

Sect.  II  gives  a  summary  of  the  physical  effects  introduced  by  a 
surrounding  dielectric.  Two  different  effects  exists: 

1 .  An  altered  impedance  transformation  since  the  wave  impedance 
in  the  region  of  the  radiator  has  teen  changed,, 

A  stronger  formation  of  space  waves  since  the  wave  length 
in  the  dielectric  is  smaller  than  in  air  causing,  a  larger 
ratio  of  radiator  length  to  wavelength  within  the  dielectric, 

;'ect,-  Ill,  I'/  and  V  contain  the  fundamental  theory 

In  Sect.  Ill  the  problem  is  presented  in  exact  mathematical  form 
A  non-uniform,  rectangular  coordinate  system  is  introduced  which 
hue  already  neen  untilized  for  iontract  AF  61  (052)~4‘‘  for 
curving  the  problem  of  widc-band  radiators. 

Ilecto  IV  shows  c’ie  derivation  tf  the  wave  conations  for  a  radia¬ 
tor  of  very  genei. 1  shape  in  a  dielectric  medium  of  various  size, 

Sect.  V  treats  equations  for  the  impedance  transformation  caused 
by  the  Uic-lectxic. 

hect.  VI  bhcwu  how  the  theory  is  specially  used  for  very  short 
antennas.  In  this  case  only  the  transforming  effect  i3  working. 

The  theory  is  checked  by  measuring  the  impedance  of  a  radiator 
in  air  and  in  differently  shaped  dielectric  mediums  of  Polystyrol. 
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it  is  shown,  that  this  simplified  theory  of  transformation  cun  v 
explain  the  measured  Influence  of  the  dielectric  to  the  input  .|§ 
impedance  for  lower  frequencies  (short  radiator a) ,  At  higher 
frequencies  additional  resistive  components  of  the  input  impe¬ 
dance  are  measured,  Shese  resistive  components  cannot  he  explained 
hy  dislectmic  .losses  alone  and  decunstr ate  additional  radiation 
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caused  >y  the  dielectric. 

Sect.  VI  liKi:.  ,:i  the  hand-width  cf  neve 
shapes  cfi: .  our  ling  the  antenna  .  Theorem 
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.shown  in  chic  section  the  usefulness  of  ferrivee  w:.tb  very  large 
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values,  .i.  improvement  in  the  bandwidth  «u  oo  lr-n.cod  to  'that 
of  the  ante  nr, a  of  Sect.  VI  was  obtained.  However  the  bandwidth 
cf  the-  .antenna  aui rounded  with  the  improved  poiyntyrol  chape 
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bandwidth  or  cry  c  ;.t_X  antennas  (  />  ,  larger  than  1/10  ante., 
height )  I-  obv  rined  ’ey  surrounding  the  antenna  *it.a  either  a 
ferrite  or  rclystyrol  oliell  „  If  the  height  of  the.  antenna,  is 
x.Krper  than  a  / 20  sou-o  improvement-  of  the  antenna  bandwidth 
a- i  be  o  i:  ■  i:i  no  i  by  surrounding  tie  uv/ana  with  a  licloctric 
medium  ecpvcS*  i 
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I.  Exact  Definition  of  the  Problem 

The  impedanoe  of  a  short  radiator  shall  he  improved  by  im¬ 
bedding  the  radiator  into  a  dielectric  medium  of  finite  alee. 


Very  shovt  antennas  are  only  used  when  the  antenna  height  ie 
linjited  due  to  technical  reasons,  for  example:  in  high-speed 
aircraft >,  Therefore  the  case  of  special  interest  is  that 
the  height  of  the  total  structure  (including  dielectric)  nay 
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total  antenna  height  must  be  kept  small. 


Before  we  trat  specific  problems,  we  should  first  present 
an  exact  explanation  to  the  question:  "What  should  be 
accomplirBhed  by  using  a  dielectric  medium?"  Even  though  the 
radiation  resistance  of  a  3hort  antenna  is  small,  this 
characteristic  is  not  a  disadvantage  in  itself  since  it  is 
always  possible  to  match  a  given  antenna  impedance  to  that 
of  a  transmitter  or  receiver  by  using  an  appropriate  trans¬ 
formation  arrangement.  Therefore  it  will  not  bo  necessary 
to  apply  complicated  dielectric  forms  for  the  only  purpose 
to  have  a  higher  resistive  part  of  the  impedance,,  A  simple 
inductance  parallel  to  the  input  will  v^aMsform  the  radiation 
resistance  to  very  high  values  without  ai^y  change  in  radiator 
arrangement „ 
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Examples: 


Radiator  impedance  for  200  Mc/sec 

1 , 38  - 

3 

130 

Ohm 

1.  Jnductove  ekunt 

3 

450 

Ohm 

Resulting  impedanoe 

2,76  - 

3 

184 

Ohm 

Increase  in  resistive  component 

1:2 

2„  Inductive  shunt 

3 

192 

Oho 

Resulting  impedance 

1 3,0  - 

3 

410 

Oho 

Increase  in  resistive  component 

1*10 

3 o  Inductive  shunt 

3 

153 

Ohm 

Resulting  impedance 

69 

3 

920 

Ohm 

Increase  in  resistive  component 

1:50 

Especially  very  snail  radiation  resistance  can  be  transformed 
into  very  high  resistive  components. 

Only  the  following  two  view  points  can  be  taken  into  consider¬ 
ation,  if  an  improvement  of  the  radiator  is  wanted, 

I 

1,  Poor  Efficiency 

The  resistance  of  snail  antennas  consists  of  the  sum  of  the 
radiation  resistance  R  and  an  attenuation  resistance  R„  due 
to  losses.  An  improvement  of  antenna  behaviour  by  inserting 
into  a  dielectric  medium  can  only  be  obtained  if  this  results 
with  an  increase  in  the  ratio o 

Ra 

It  should  be  remembered  that  the  increase  of  Rfl  alone  does  not 
necessarily  ding  an  improvement  since  the  insertion  into  a 
dielectric  medium  may  also  increase  P-v»  In  this  respect  the 
fcrr-.te  materials  available  to-day.  may  be  too  inferior  to 
give  an  improvement  of  Rg/Rv  when  used  as  a  dieiectrLc  medium 
for  a  ana'll  antenna  flj  ,  This  certainly  is  an  important 
item  to  take  into  consideration.  However  the  present  state- 
of-the-ar-;  in  the  ferrite  industry  certainly  should  not 
prevent  ua  fron  making  a  theoretical  study  to  determine  the 
effect  of  a  magnetic  medium  since  the  possibility  exists 
that  suitable  dielectrics  and  ibriitee  having  small  losses 
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will  be  available  in  the  future.  The  resulting  theoretical 
analysis  indicates  that  a  loauleos  dieleotric  having  mag¬ 
netic  properties  can  improve  the  radiation  properties  then 
there  always  is  the  possibility  that  the  use  of  such  a 
medium  can  be  realized  at  some  future  date.  Therefore  the 
development  of  a  theory  for  a  lossless  dielectric  would 
oertainly  prove  to  be  a  worthwhile  and  beneficial  task  for 
possible  future  application. 

However,  ether  problems  of  efficiency  exist  even  for  loss¬ 
less  dielectric.  The  losses  of  a  radiator  without  dieleotric 
is  due  to  the  resistance  of  the  conductor,  silver  being  the 
best  conductor.  The  losses  of  a  silver  plated  conductor 
can  not  be  surpassed.  If  dielectric  and  magnetic  losses 
are  neglected  fox  the  moment  then  for  a  radiator  imbedded 
in  dielectric  the  following  question  must  be  evaluated;  ie 
it  possible  that  a  radiator  imbedded  in  a  dieleotric  haB  a 
larger  current  flow,  thus  causing  larger  losses  due  to  the 
resistance  of  the  conductor,  as  compared  to  a  radiator 
without  dielectric  even  when  a  lossless  dielectric  is  used? 
Therefore  the  ratio  R8/Rv  should  be  evaluated  to  see  if  it 
changes  after  a  radiator  is  inserted  into  dielectric  when 
the  dielectric  is  considered  to  be  lossless  and  only  the 
silver  plated  radiator  is  considered. 

2.  Antenna  Be"dwidth  beeing  too  small 

A  bandwidt  »  teeing  too  small  Unfits  the  amount  of  communi¬ 
cation  flew,  prevents  the  use  of  higher  modulation  fre¬ 
quencies  nd  makes  it  impossible  to  transmit  or  receive 
short-time  signals.  The  optimum  oiicuit  design  can  be  in¬ 
fluenced  by  the  behaviour  of  the  .antenna  impedance.  This 
Is  especially  true  for  very  short  dipoles  and  is  a  well 
known  effeot  of  long  wave  radio  communication.  Therefore 
The  question  arises:  What  will  be  the  maximum  bandwidth  of 
the  complete  input  oirouit  of  such  a  short  radiator  whan 
fed  by  a  transmitter,  oxt  What  will  be  the  maximum  band¬ 
width  of  the  oomplete  input  oixcait  of  a  reoeivex  in  com-  „ 


binatiott  yiith  a  short  radiator  ae  receiving  antenna.  The 
best  general  answer  will  be, -that  for  short  radiators  the 
maximum  band.<..dth  of  each  transmitter  ox  receiver  arrange¬ 
ment  le  ’’.ependent  upon  the  ratios 


*r 


and 


R 


JET 

aw 


where  R  is  the  radiation  resistance,  X  is  the  antenna 

"  JV 

reactance  and  is  the  frequency  dependency  of  the  re¬ 
actance  which  describes  the  antenna.,  [ 2] 

An  improvement  of  the  maximum  bandwidth  is  only  obtained 
when  these  ratios  axe  increased.  Thus  if  it  is  possible  to 
inoresae  h.g  and  prevent  u  simultaneous  increase  of  X  and 
dX/d£J  this  improvement  can  be  achieved.  Therefore  the 
question  of  whether  an  increase  in  Rg  by  a  dielectric 
surrounding  is  worthwhile  can  first  be  answered  when  the 
behaviour  of  X  and  dX/d  jB  known. 

Il.Phyaloal  Principles 

The  radiator  aoccrding  to  Pig.  1  is  located  above  a  con¬ 
ducting  surface.  It  is  cylinder -symmetrical  and  imbedded  in 
dielectric  material  in  the  vicinity  of  the  feeding  point 
(  ^  r  >  1 ) .  The  dielectric  material  may  also  have  magnetic 
properties  (  x  >  1).  The  heigth  of  the  radiator  should  be 
small  as  compared  to  the  wavelength. 

It  is  assumed  that  the  antenna  is  fed  by  a  coaxial  line  for 
the  theoretical  evaluation  and  for  the  impedance  measure¬ 
ments  .  Thuo  a  defined  field  relationship  is  established  in 
the  vie:-  iiy  of  the  feeding  point  of  the  antenna.  Since  the 
input  impedance  io  measured  by  using  a  slotted  coaxial  line, 
the  measured  values  can  be  directly  compared  with  those 
oaioulaved.  It  will  be  assumed  that  the  feeding  line  is 
also  filled  with  dielectric,  when  the  radiator  is  surrounded 
by  a  dielectric,  and  filled  with  air,  when  the  radiator  is 
surrounds  by  air.  This  simplifies  the  theory  but  is  not 


essential  fox  teohnloal  application.. 

'fhe  physical  processes  axe  clarified  py  the  same  reasoning 
which  has  already  been  established  in  the  Teohnioal  Reports 
for  Contxaot  AF  61  (052)r41 ,  [3jo 

A  wave  of  the  TEM  type  having  electric  field  lines  Ef  between 
the  inner  and  outer  conductor  propagates  through  the  coaxial 
feeding  line.  This  wave  continues  with  field  lines  existing 
between  che  radiator  and  the  -ground  plane.  The  field  lines  of 
the  TEM  wave  are  identical  to  the  field  lines  of  a  static 
electrical  field  between  radiator  and  ground  plane. 

The  TEM  wave  slowly  converts  over  to  the  TM  type  in  the 
inhomogeneous  field  outside  of  the  coaxial  feeding  point 
as  the  C  [stanoe  from  the  feeding  point  inoresases. 

Thus  a  continuous  transition  and  building  up  of  the 
TM  space  wave  occurs.  These  TM  space  waves  have  eleotrio 
fields  leaving  und  returning  to  the  ground  plane.  The  field 
of  these  space  waves  is  a  sun  of  various  TM  modes. 

However  in  the  case  of  very  ohort  radiators  they  are  al¬ 
most  conp.letly  dominated  by  the  TH,  type  as  long  ae  the 
radiation  pattern  is  the  one  farxiliar  to  short  antennas. 

The  field  lines  of  the  TM.,  fcave  wedge  themselves  betwesn 
the  field  lines  of  the  TEM  wavs.  The  TEM  field  decreases 


rapidly  wi^.h  increasing  distance  from  the  radiator  and  at 
larger  distances  only  the  TM  javes  remain.  For.  the  TEM 
wave  the  space  between  the  radiator  and  the  ground  piano 
acta  like  a  coaxial  line.  The  ooaxial  feeding  line  directly 
passes  over  to  this  coaxial  radiator  line. 

Fig.  3a  is  a  schematioal  representation  of  this  occurrence 
fox  a  radiator  without  dielectric.  The  wave  impedance  in* 
creases  with  increasing  distance. from  the  feeding  point 
since  the  spacing  between  radiator  and  ground  plane  In¬ 
creases  accordingly. 
iV 

The  coaxial  radiator  line  has  a  finite  length  corresponding 
,  to  the'  finite  height  of  xadlatox.  The  antenna  is  open  at 

the  end  and  there  the  antenna  ouxient  is  aexo.  The 


formation  of  the  TM  waves  ooours  In  auoh  a  Banner  that  the  va» 
dlator  line  seems  to  he  coupled  inductively  to  another  line 
causing  a  continuous  energy  transition  of  most  of  the  TEM  input 
wave  to  thrt  of  the  TM  wave  with  the  remainder  of  IBM  energy 
being  reflected  at  the  radiator  end  hack  into  feeding  line. 

Pig,  3b  shows  the  waves  for  a  radiator  with  dielectrio.  Hero 
essentially  new  is  the  foot  that  all  wave  impedances  in  the 
dielectric  have  decreased  by  the  factor  if '  and  an  abrupt 
wave  impedance  change  occurs  at  the  transition  to  air.  This 
wave  iopedanoe  jump  exists  for  TEM  waves  as  well  as  for  TM  waves 
and  causes  an  additional  reflection  at  the  boundary  of  the  di- 
electric^iftfoes  additional  reflected  waves  in  the  feeding  oatle, 
which  would  have  a  different  magnitude  if  no  dielectric  were 
used.  If  these  events  are  described  by  using  the  conception  of 
impedance  then  it  can  be  said  that  the  first  effect  of  the 
dielectric  ie  an  altered  impedance  transformation.  This  is  theo¬ 
retically  evaluated  in  detail  in  Part  VI „ 

However  the  dielectrio  has  a  second  effect.  Referring  to  the 
theory  developed  earlier  for  Contract  AP  61  (052)-41  an  expan¬ 
sion  of  this  theory  is  contained  in  Part  III.  The  steady  tran¬ 
sition  of  the  TEI4  aode  to  a  TM  wave  is  in  every  point  of  the 
field  essentially  dependent  upon  the  length  of  field  lines  in 
this  point  as  compared  to  the  wavelength 

The  following  rule  exists  for  the  oase  of  air: 

In  the  region  aha re  the  field  lines  are  shorter  than  the 

conversion  of  TEM  to  TM  waves  is  quite  small;  this  region  be¬ 
haves  like  a  waveguide  below  the  critical  frequency  with  an 
evanescent  TM  mode;  the  TM  nodes  which  were  coupled  out  of  the 
TEM  mode  cat*  not  propagate  as  waves*  rather  the  TM  fields  de¬ 
crease  expor.f’R'iially  from  the  point  of  origin.  The  longer  the 
field  lines  are*  the  slower  ie  the  rote  of  exponential  decrease, 
thus  oauaing  a  stronger  TM  mode.  The  transition  from  TEM  to  TM 
is  very  strong  where  the  field  lines  are  longer  than  ^0/2; 

This  region  he  naves  like  a  waveguide  operating  above  its  ozitical 
frequency  and  the  TM  field  being  ooupled  in  propagatea  in  this 
space  ae  a  wave.  Those  field  lines  of  Pig.  4a  which  have  the 
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length  A0/2,  separate  the  region  of  the  evanescent  !!!  nodes  f^a 
that  region  in  which  Til  waves  can  exist  . 


Instead  of  A0  in  free  3pace,  the  wave  length  is  ^  - 
in  the  dielectric.  Thus  the  TM  fields  do  not  propagate  as  waves 
ue  long  as  the  length  of  the  field  lines  is  smaller  then  \/2» 
Therefore  the  conversion  rate  improves  ec  vtinuousiy  as  the  field 
line  length  eq  rrv aches  the  value  /2  . I  becomes  extremely 
strong  as  soon  as  the  field  line  length  creeds  "V/2.  The  boun¬ 
dary  field  .  ue  in  the  dielectric  has  *'-s  length  Aj /2  as  shown 
in  Pig.  4b, 


The  formation  ex'  the  evanescent  inodes  har.  a  certain  effect  upon 
the  formation  cf  space  waves  since  tlieo  ..  f  ields  partially  pro¬ 
trude  through  the  boundary  field  line  and  thus  project  into  the 
adjacent  soa<m  in  which  space  waves  are  possible.  Large  ampli¬ 
tudes  of  the  protruding  evanescent  modes  prepare  to  3orno  degree 
the  formation  of  space  waves  in  the  adjacent  wave  region. 


Por  radiaton  cf  small  height  in  air,  the  field  line3  in  toe 
Immediate  vicinity  of  the  radiator  are  smaller  than  A  Q/2; 

Tnu-j  the  formation  of  s;  ;;ce  waves  in  the  region  i3  rather  minute 
If  the  field  lines  of  length  A  Q/2  for  a  given  frequency 
are  drawn  in  Pig.  4a,  it  is  readily  realized  that  these  lie  fax 
away  fTom  the  feeding  point  of  short  radiators.  Only  evanescent 
TM  r>.ode3  exist  in  the  region  between  the  feeding  point  and  the 
boundary  field  line.  On  the  other  side  of  the  boundary  field 
line  space  waves  are  formed.  The  small  radiation  capability 
of  u  3hort  antenna  is  explained  by  the  lack  of  space  wave  for¬ 
mation  in  the  immediate  vicinity  of  the  radiator,.  The  hij/cr  the 
frequency,  the  closer  ti o  boundary  field  line  shifts  toward  the 
f..  Thing  poin1",  thus  the  wave  region  becomes  corresponds  ngly 
larger  and  the  radiation  improves  accordingly. 

Pig,.  4b  sht  is  a  radiator  having  an  infinite  dielectric  medium 
for  the  same  frequency  ae  was  used  for  .Pig,  4a,  The  dielectric 
causes  a  wavelength  A  £  at  the  location  where  A  was  previoui^y. 
The  boundary  field  Line  of  length  A//2  for  the  same  frequency 
6hiit3  closer  to  the  feeding  point  and  the  radiation  of  space 
waves  improves..  Since  A^~  A the  radiation  improves  due 
to  Sr  as  wall  us  to  f*r 


4 


4 


boundary  of 
dieiectric  medium 


It  the  di'sleotrio  medium  baa  a  finite  site  aa  shown  in  Pig*  1# 

Then  three  oaeee  exist i 

a)  The  boundary  of  the  dieleotrio  lies  outside  of  the  boundary 
drawn  in  Pig.  4a  of  length  A ^2.  Then  the  wave  transformation 
already  begins  within  the  dieleotrio  and  the  waves  oonlng  out 
of  the  dieleotrio  into  air  dre  immediately  in  that  region 
whioh  supports  epaoe  propagation .  This  la  a  ease  in  which  the 
dieleotrio  will  oause  a  desirable  effeot  sinoe  the  wave  region 
is  enlarged  by  the  dieleotrio  and  the  boundary  of  the  wave 
supporting  region  is  shifted  baok  to  the  field  line  Of  length 

\/2.  However  this  oase  does  not  apply  to  very  Bhort  ra- 
diatoxSf  which  are  of  speoial  interest  here;  rather  this 
(  effeot  becomes  usable  fox  antennas  whose  height  approximates 

*  q/4, 

b)  The  boundary  o  the  dieleotrio  medium  as  shown  in  Pig.  4c  lies 

between  the  fi  Id  lines  ^  q/2  and  / 2.  The  the  wave  of  the 

feeding  line  aoves  first  into  Region  I  where  the  evanescent 
modes  axe  forrr  d  and  only  a  small  degree  of  wave  transfor¬ 
mation  occurs  Thereafter  the  TEli  wave  moves  into  Region  II 
in  which  the  _t  wave  con  exist  and  a  high  degree  of  wave 
traneformatioi  occurs  here.  However  the  resulting  TM  waves 
are  strongly  eflected  at  the  dieleotrio  boundary  sinoe  the 
TM  fie3  s  can  only  exist  as  evanescent  modes  on  the  outer 
side  of  vhe  boundary  in  Region  III.  The  wave  impedance  of 
the  TM  mo.  *  in  Region  III  is  imaginary  and  thus  the  reflec¬ 
tion  factor  of  the  dieleotrio  boundary  surface  is  consider¬ 
ably  high*  for  the  TM  mode  as  compared  to  the  TEM  mode.  In 
Region  II  the  dieleotrio  acts  like  an  attenuated  waveguide 
resonator  fox  the  TM  wave. 

The  smaller  the  extension  of  Region  III  in  the  direction  of 
wave  propagation,  the  more  the  already  formed  TM  fields  of 
Region  II  oan  get  through  Region  III  to  Region  IV  and 
support  the  formation  of  TM  waves  in  IV.  Therefore  it  is 
possible  that  the  use  of  this  dieleotrio  can  iaprove  the 
exoitation  of  space  waves  in  IV!  This  would  be  an  interesting 
oase  as  far  as  our  problem  is  concerned,  since  the  radi¬ 
ator  is  already  short  and  the  dielectric  could  bring  an  im¬ 
provement  of  the  real  components. 


o)  The  boundary  of  the  dieleotxio  lies  within  the  boundary  line 
/2  of  Pig.4b.  Then  only  evanescent  nodes  exist  within 
the  dielectric  medium  and  this  is  also  true  for  the  Irane- 
dieite  surrounding  region  of  air.  The  boundary  line  K>/2  of 
Pig.  4a  is  then  far  distant  ft on  the  dielectric  boundary 
surface.  Therefore  the  dielectric  can  hardly  bring  a  radiation 
improvement  and  actually  only  performs  the  already  mentioned 
transformation  of  the  TEM  wave.  This  in  the  case  of  very 
short  radiator  a.. 

Til.  The  Curvilinear  Coordinate  System 

in  ozcer  to  evaluate  a  radiator  of  general  shape  a  curvilinear, 
right  angle,  coordinate  system  whose  coordinates  are  the  field 
lir.es  of  a  static  electric  field  between  radiator  and  ground 
plane  is  introduced.  This  coordinate  system  is  the  came  as  the 
ous  yhioh  was  used  im  Contract  A?  61  (052) -41  for  solving  the 
'deadband  antenna  problems. 

Tince  a  comparison  of  radiator  performance  with  and  without 
di-leotno  .is  to  be  made,  the  oooruinate  lines  are  crawn  for 
a  field  without  dielectric.  In  addition  the  boundary  between 
air  and  dielectric  should  bs  a  fiald  line  of  this  static  field 
sir.ee  th*.  n  the  .-tatic  field  lines,  with  and  without  dielectric 
r.te  the  same  an  i  all  the  evaluations  have  a  very  simplified 
fern.  By  this  procedure  all  the  information  concerning  the 
effect  of  other  dielectric  shapes  is  naturally  lost.  However  as 
lc-g.es  the  dimensions  of  the  radiator  and  the  dielectric  me- 
* 1 5  .to  are  small  compared  to  a  wavelcmgth,  it  is  not  to  be  ex~ 
parted  that  other  dielectric  shapes  will  give  considerably 
different  results. 

5  ahowt'th.-  static  field  lines  and  equipotentlal  lines  bet- 
wt.ti-  radial cr  and  ground  plane.  They  are  drawn  in  accordance 
with  the  familiui  -ale  that  everywhere  ■  between  adjacent  equi- 
ootential  Hues  the  same  voftage  <i  •i'ferenoe  exists  and  the  region 
between  ad,,  teen'  field  lines  without  dielectric  has  the  same 
capacitance  throughout  the  regions.  The  drawn  section  of  Pig. 5 
oc r. tains  the  coordinates  x  and  z  The  field  lines  are  the  curves 


z  -  constant .  The  ground  plane  contains  the  coordinate  x  n  Oj 
the  radiator  the  coordinate  x  ,=  o,  where  a  may  he  freely  chosen. 
The  same  coordinate  difference  Ax  exists  everywhere  between 
two  adjacent  jqui potential  lines.  Therefore  x  of  a  special 
ecuipotential  line  is.  the  3tatic  voltage  between  that  special 
equipotential  line  and  the  ground  plane  if  the  voltage  "a"  exists 
between  the  radiator  and  the  ground  plena.  The  coordinate  z 
begins  witt  z  =  C  at  the'  base  of  the  raciator  where  the  impe¬ 
dance  ia  to  be  calculated  and  treasured,  The  same  coordinate 
difference  a  exists  everywhere  between  adjacent  field  lines 
of  Fig „  .S,  the  capacitance  A  c  of  a  region  between  two,  field 
lines  is  therefore  proportional  to  the  corresponding  coordinate 
difference  h  z  and 


0 


Aj) 
A  B 


O) 


CQ  is  constant  along  Che  radiator. 

* 

/I  x  is  tae  true  distance  between  equipotential  lines. 

As  is  the  true  distance  between  the  field  lines,  see  Fig. 5* 
Then  relationships  between  the  coordinate  differences  and  the 
oorresponcing  actual  distances  can  he  found  in  accordance  with 
the  theory  of  the  cylinder-symmetrical  static  fields  £VJ  . 


*  . 

A  a  =  At.x.z)  -  A  a  j 

A(x,z)  = 

A 

IT 

z 

(2) 

A 

z 

A  x*  =  B(x,z)  ■  Ax; 

B(X,Z)  a 

A 

A 

*  1 

X 

T 

(3) 

Acocrdihg  t;  t,b 3  general  rules  for  cylinder-symmetrical  poten¬ 
tial  fields.  ib3  following  is  true  for  the  edges  of  an  element  A  F 


(A) 


where  r  is  the  distance  of  A  F  from  the  radiator  axis  of  ro¬ 
tation  and  r  in  a  length  which  ray  be  freely  chosen.  Experience 
has  shown  that  the  field  has  its  moet  suitable  form  for  numerical 
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avalt&ion  whan  rQ  is  approximately  equal  to  the  radiator  height. 

The  reports  for  Oontraot  AP  61  (052)-41  contain  several  examples 
showing  the  static  field  for  such  radiators.  After  the  static 
field  has  teen  plotted,  x  ,  a  z  and  r  can  he  obtained  di¬ 
rectly  from  the  field  plot.  Also  A,B  and  rQ/r  can  be  calculated 
for  each  4f  fcy  using  equations  (2)  to  (4). 

TV-  The  Wave  Equations 

Detailed  information  of  the  following  procedures  can  be  found  in 
references  [ 5]  and  l  6]  .  The  cylinder -symmetrical  field  has  cir¬ 
cular  magnetic  field  lines  with  their  center  at  the  axis  of  ro¬ 
tation  and  the  magnetic  field  intensity  Hy  (x,z)  1b  constant 
along  each  magnetic  field  line. 

Jn  the  cylinder-symmetrical  field,  the  electrical  field  lines 
always  lie  in  a  plane  which  intersects  the  axis  of  rotation. 
Therefore  in  accordance  with  Pig.  7  an  electrical  field  compo¬ 
nent  Ex  in  the  direction  of  the  lines  z  =  constant,  and  an 
electrical  field  component  Ez  in  the  direction  of  the  lines 
r  *  constant,  exist.  Their  equations  and  their  solutions  are 
different  depending  upon  whether  the  evaluation  is  for  Region  I 
with  dielectrio  or  for  Region  II  without  dielectric.  Therefore 
a  separate  solution  must  be  sought  for  these  two  regions  and  the 
boundary  conditions  of  the  bounding  surface  between  these  regions 
must  be  satisfied. 

Wave  EcuatiotiP  fox  Region  I: 

£  x  >1  and  yur  ^  1  are  constants.  All  field  components  of  this 
region  axe  marked  by  the  index  1. 

Por  this  cylirder-Bymmetrical  region  having  the  line  elements 
dx*  and  dz*  ir  accordance  with  (2)  to  (5)  the  following  field 
equations  are  valid: 

T0  f  r(Exi  ’f-'A)  =  ~  Tz^H1  'f”)  (6) 

o  o 

-  (Is'2  <vi-> 

0 


x(ebi'A) 


7) 


* 
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^  wAA(hi**;),a2  "  *A(Ezi *a)  ”  7r8(Exrlj*A>  (8) 

The  boundary  condition  which  does  not  allow  tangential  elecl&oal 
fields  on  the  hounding  oonduotox  surfaces  is  in  this  coordinate 
system 


Ez1  =  0  for  x  =  0  and  x  =  a 


(9) 


i 


;  i 

! 


« 


If  (6)  and  (7)  are  substituted  into  (8)  then  the  wave  equation 
fcr  (E|  |— )  is: 


CJ  /uo  ^ c/ur  ^  r ^1 


jx  [<r>2  r’x  ,Hf%]  *  j-i 2  (Hrf;> 


(10) 


ffbare : 


2  „  /2"s2 

^  /“o  ’ 

=  wavelength  in  free  space 


(11) 


^7uo*o,^r  ■  (f 7>2-  Af.* 


s2 


02) 


^  a  wavelength  in  dielectric 

The  boundary  condition  (9)  and  equations  (6)  and  (7)  are  satis¬ 
fied  by  thessexies  expansions: 

J 

m~~~l  '  i  ^  6pi'r  fw0,U)  +  W1i(b)cos  + 


7 


(13) 


+  W21(a)cos  ♦ 


•  e  e  «■ 
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F„-  +  -■]  (u) 

. 7  (,5) 


2 

Before  (13)  is  substituted  into  (10)  A  oust  be  changed  to  the 
following  form; 

(16) 

In  order  to  obtain  suitable  equations  for  the  functions  VRl . 

The  functions  F_(s)  are  obtained  by  a  Fourier  analysis  of  the 
2 

function  A  (x,z)  obtained  from  the  statio  field  pattern. 

»  * 


£  [ A1  (**H 

0 

(17) 

f.,  ab  ~ 

(18) 

» 


o 

Suoh  an  analysis  of  the  funotion  A  has  been  carried  out  in  de 
tail  for  an  example  in  Contract  AF  61  (052)41. 

In  order  to  bring  equation  (10)  into  a  suitable  form,  a  oorres 
ponding  analysis  of  the  funotion  (tg/r)  is  required i  ' 

('£/-  *6,(0  ,  .....  09) 

She  functions  Gn(s)  are  obtained  by  a  Fourier  analysis  of  the 
funotion  (Iq/x)!,  The  funotion  (rQ/r)2  is  given  by  the  statio 
field  pattern.  Thus 


4 


1 


•  16  - 

wife?* 

0 

(20) 

$ 

(21) 

Suoh  an  analysis  is  also  oontalned  in  detail  in  an  example  in 
Contract  A?  61  (052)-41. 

Then  equations  (13),  (16)  are  substituted  into  (10)  and  the  re 
suiting  products  are  simplified  by  using  the  following  trigono 
metric  formulas: 

(22) 

Ur><4  -  «->y$  =  j  'o  (*  -*/d]  +  ~  cs*  (<-/* ) 

(23) 

The  resulting  ooe  fl  ™  ter as  are  then  collected  on  both  sides 
of  the  equation.  Equation  (10)  is  satisfied  when  same  oos  &&& 
terms  on  both  sides  of  the  equation  are  equal.  This  gives  a 
system  having  an  infinite  number  of  differential  equations  for 
the  functions  . 


r.  *r(s  «  *.+3n  *&,*  1  r>  *** . J 


(24) 


(ttI]  u'~  *[(*-  (6.-i  6,)]  K.  = 

’  -  f*  *[Vl*K)- . ] 

/rf  A'  *[t  r‘  *t  V-  feffc  -iijn.  = 

*  "  lT>  i'”'t [l (r**r*J~(Tt)* ■  J 
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i  Z'l'/irffa'  *  <*-Hu 
*  -  (k  ♦  /  **«  w"-  } 

(  >r*k  _  J 

She  ooupling  factors  aze  symmetrical. 

*»k-*kn 


(27) 


(28) 


Explanation  of  Physio a  Involved  la  the  Equations  (24)  to  (27) 

Eaoh  Wr1  la  a  wave  of  definite  mode*  ff0)  la  a  SEE  mode  in 
accordance  with  ?lg.  8a  having  electrical  field  lines  along  the 
etatio  field  line a  z  *  constant  beoauae  Ez1  in  equation  (15) 
has  no  W q1  terns.  Shezefoze  Eg1  a  0  foz  thla  partial  mode  type. 
She  other  modes  aze  of  the  IM  type.  She  behaviour  of  their 
components  and  Ee1  is  in  aooordanoe  with  equations  (14) 
and  (15)  respectively.  W,,  is  a  mode  whose  E  -component  distil- 

I  1  2  w  T  " 

bution  follows  the  function  ain  The  corresponding  electri¬ 

cal  fields  can  be  found  in  Pig.  8o.  Ill  partial  modes  are  ooupled 
to  the  TEM  mode WQ1  by  the  FnW01  terms.  They  are  also  ooupled 
with  each  of  the  other  TM  modes  by  the  K^W^.,  terms. 

Wave  Equations  for  Bexlon  II 

£x  m  ij  yu^  a  1.  All  field  components  of  this  region  have  the 
index  2.  The  way  to  obtain  them  is  the  same  as  for  the  wave 
equations  of  region  I.  (See  /loj  ) 

Boundary  Conditions  at  the  Eleleotrlo  Boundary  z  ■  zQ  (Plg.1) 

The  boundary  is  a  atatio  field  .line  e  »  constant,  lhe  tangential 
components  continuously  pass  through  the  boundary  surface. 

Ex1(Bo>  "  Ex2(8o)  (41) 

H,  (*0)  *  H2  («0)  (42) 


I 


t 
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From  thi8  follows 

wj'ij  =  m  (44) 


And 


i,  U<„  Ki  (*J 


(45) 


Vo  The  Imp* dance  xn  the  Radiator  Field 


An  impedanc:e  can  only  be  defined  in  a  region  where  a  TEM  mode 
exists.  That  portion  of  the  TEM  node  field  within  the  dielec¬ 
tric  medium  L&  given  in  accordance  with  equations  (15)  and 
(H)  by: 


fa  ~  -  k,„/V 


(46) 

(47) 


For  this  mode  current  voltage  and  impedance  can  be  defined  by 
using  Pig.  9o 


Between  the  end  points  P^  and  Pg  of  a  line  z  -  constant,  the 
voltage  on  the  conductor  for  the  v/q1  wave  is  given  by: 


- 

/£*,  c/yi  =  /  B  'J*  - 

V  0 

-  '  '*/<)«  (l) ~  5t 


(48) 


A  circle  z  =  constant  on  the  radiator  and  intersecting  P^ 
belongs  to  i ne  coordinate  z  on  the  cylinder-symmetrical  radia¬ 
tor  of  Pig,  9-  the  surface  current  density  existing  on  and  per¬ 
pendicular  to  thi3  circle  is: 


field  tines  z*const 
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0**  M ,(*)  =  -jut.S*  (49)  . 

Therefore  the  total  current  flowing  through  this  circle  is: 

2nr  -jMt*  €,  2rr  y„  (50) 

The  same  current  flows  in  Fig.  9  on  the  ground  plane  above  the 
circle  z  =  constant  and  through  P2  having  the  same  z  as  P1 . 
Therefore  the  impedance  of  the  WQ  wave  belonging  to  the  coor¬ 
dinate  z  within  the  dieleotrio,  is  defined  by 

t 

W  /9)  .  *  a  Wo«_ 

~  n.  J  Cj  /»  fy  2jr  Yo  ) 

-o-*  '  -  ' 

This  definition  is  also  valid  for  the  feeding  line.  Since  only 
the  TEM  mode  exists  here,  the  definition  of  Z  in  the  feeding 
line  is  identical  to  the  usual  impedance  conception.  For  Z2 
outside  the  dielectric  in  Region  II  there  exists  a  formula  ana¬ 
log  to  (51)  with  £ s  =1. 

Pinal  Determination  of  the  Coordir ^te  z 

The  electrical  field  lines  axe  parallel  straight  lines  within 

* 

the  feeding  line;  thus  A  z  is  independent  of  x  and  according  to 

n 

(2)  A  is  alfo  independent  of  x.  As  a  result  PQ  =  A  in  the 
feeding  lJ'ie  according  to  equation  (16).  Since  the  feeding  line 
is  homogeneous  and  sections  of  equivalent  length  also  have  the 
same  capacitance ,  the  same  A  z  belongs  to  the  3ame  separation 
A  z  everywhere  within  the  feeding  line  as  shown  by  equation 
(1).  Therefore  A  **  PQ  is  also  independent  of  z  and  constant. 

It  is  advisable  to  choose  P  =  1  for  the  region  within  the  fee¬ 
ding  point.  Then  for  this  region  (according  to  Pig,  10): 

A  l*=  Ai  ;  A*  4  ;  Fp-'J  (55) 

■  \ 

I 

It  is  also  very  practical  to  insert  the  beginning  z  =  0  in  that 

oross  sectional  plane  of  the  feeding,  line  at  which  the  radiator 

input  imjedanoe  is  to  be  measured.  In  this  manner  and  by  using 

equation  (55)  the  coordinate  z  becomes  well  defined  since  the 
* 

oapacitanoe  CQ  along  the  system  must  remain  constant  according 
to  equation  (1). 
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Final  Deter ulratlon  of  the  Coordinate  x 

The  wave  ir: 'dance  of  the  feeding  line  of  Fig*  1  has  a  definite 
value  for  Z(  when  dielectric  ie  used.  If  a  travelling  wave 
exists  within  the  line,  then  Z  *•  U/l  =•  Z1 .  Under  thie  condition 
the  WQ1  wuv9  has  a  oonotant  amplitude  and  a  linear  increasing 
phase  shift  ir:  respect  to  z  in  the  feeding  line 

_  i  2n^- 

V3J*)  =  Wv.{<r)-  e'  'V 


1*1 


(56) 


(57) 


If  these  equations  are  now  inserted  into  equation  (51)  and  by 
using  equation  02)  the  following  is  obtained: 


a 


\PE1  •  /'ET 

“  €o  re* 


(58) 


2 I  ~  2  v  Yo 

If  the  characteristic  impedance  Z1  of  the  feeding  line  in  given* 
then  the  following  relationship  exiBtB  between  a  and  rQ: 


a  -  2rr 


y. 


where 


l/W 


(59) 


(59a) 


is  the  wave  impedance  of  the  dielectric* 

If  rQ  is  choscsn  freely,  a  ia  fixed  by  equation  (59)*  If  in  acoor* 

dance  with  Fig,  5,  the  ground  plane  hat  the  coordinate  x  =  0 

and  the  radiator  the  coordinate  x  »  a,  then  the  coordinate  x  is 

well  defined  ''nee  r^  bas  teen  chosen. 

o 

The  boundary  Condition  in  the  Form  of  an  Impedance  Equation: 

If  equation  0  4-)  is  divided  by  (45)  then  for  n  =  0 

(**  )  Wo  2  {*J 


t,  w.j  u.) 

This  means  :  accordance  with  equation  (51) 


(59b) 


2,  (>  ■)  =:  ith.) 


r  60) 
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aa  a  substitute  fox  the  boundary  oondition  (44)  in  ths  case  of 
n  *  0. 


The  TI»!  wave  travelling  from  the  boundary  surface  z  «  zQ  into 
the  outer  region  yields  an  impedance  ?2(z)  a‘b  any  arbitrary 
location  z  and  especially  the  value  Z2(z0)  at  the  suxface  of 
the  dielectric  which  appears  as  an  unchanged  termination  impe¬ 
dance  for  the  TEM  WQ1  wave  inside  the  dielectric,  according  to 
equation  (60).  This  Z1(zQ)  is  then  the  value  Z^o).  Since  the 
input  surface  z  =  0  is  so  chosen  that  all  space  waves  are 
negligibly  small  there,  this  Z.j(o)  is  an  actual  and  measurable 
impedance  which  acts  as  a  termination  for  the  feeding  line. 
Tain  same  impedance  is  designated  the  input  impedance  of  the 
radiator. 

The  transformation  through  the  dielectric  from  Z^(z  )  to  Z.|(o) 
is  given  by  a  differential  equation.  If  equation  (15)  is  dif¬ 
ferentiated  in  respect  to  z,  the  following  is  obtained: 


Hi 

dt 
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Then  and  *rom  equations  (24)  and  (51)  respective¬ 

ly  axe  substituted  into  equation  (61 )»  The  following  equation 
results  in  conjunction  with  (56) 


td  '  ?"  I  K 


F 


(62) 


This  is  the  transformation  equation  for  the  impedance  within 
the  dielectric  medium. 

VI.  Application  of  the  Theory  for  very  short  Antennas  in  a 
finite  Xielectrio  Medium. 

It  is  required  that  all  the  radiator  dimensions  as  well  as  all 
the  dielectric  dimensions,  be  essentially  smaller  than  a  wave¬ 
length.  Since  no  higher  order  TIT  modes  other  than  the  Y/^  and 
v;12  have  an  appreciable  magnitude  in  the  surrounding  space, 


-  22 


all  the  equations  take  on  a  more  simplified  fora.  This  is 
readily  reali  :ed  jince  all  short  radiators  have  the  earns  ra¬ 
diation  pattern  and  the  field  intensity  distribution  corres¬ 
ponds  to  that  cf  V/.J2  node.  As  long  as  the  measurement  of  the 
radiation  pattern  shows  no  essential  deviation  from  that  of 
a  short  radiator,  all  V/n2  with  n  1  may  fee  studied  here,  not 
only  the  impedance  tut  also  the  radiation  pattern  is  nenaured 
at  high  frequencies  in  order  to  he  sure  that  only  the  0  wave 
exists  in  i!'bs  region  thus  allowing  for  the  use  of  a  simplified 
theory.  The  measures  radiation  patterns  show,  that  indeed  all 
Wn?  with  n  >1  may  be  neglected,  (see  [ioj  ) 

The  above  problem  can  be  solved  by  using  a  two  step  method: 

a)  for  very  low  frequencies  (radiator  length  very  small  com¬ 
pared  to  wavelength)  may  also  be  neglected  within  the 
dielectric.  Then  only  the  TEH  mode  exists  within  the  dielec¬ 
tric.  The  dielectric  medium  acts  only  as  a  transforming 
inhomogeneous  lire  for  the  wave. 

b)  At  somewhat  higher  frequencies  an  evanescent  node  whose 
magnitude  increases  with  the  square  of  frequency,  also  forms 
in  the  dielectric.  The  boundary  conditions:  at  the  dielectric 
boundary  surface  causes  this  mode  to  excite  an  additional 
formation  of  tne  \7  ^  0  mode.  As  a  result,  on  increased  radi¬ 
ation  cf  the  \l^2  space  wave  as  compared  to  a  radiator  with¬ 
out  dielectric  occurs  to  a  certain  extent.' 

Impedance  ..ransf  or  mat  ion  for  very  short  Radiators  without 
consideration  it"  the  TM  fields  in  the  Dielectric. 

It  is  assumed  that  in  Region  I  boeween  the  feeding  point  and 
the  surface  z  *-  zo,  only  the  '.7^  wave  beccaes  effective.  Then 
equation  (62)  has  the  form 


(67) 
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This  la  the  familiar  equation  fox  the  impedanoe  transformation 
of  an  inhomogeneous  line  with  dielectric.  This  line  has  the 
wavelength  Ar and  the  position-dependent  characteristic  impe- 
dane  The  outer  region  of  Pig.  1  produoes  an  impedanoe 

Z2(*0)  in  the  boundary  suxfaoe  z  «*  zQ  of  the  dieleotxio  which 
is  also  the  termination  impedance  Zj(z  )  of  the  dieleotrlo  ac¬ 
cording  to  (60).  This  Z.,(z0)  is  transformed  into  the  desired 
input  impedanoe  Z^(o)  at  z  »  o  in  Pig.  1  by  the  use  of  dleleo- 
trio  and  with  the  aid  of  equation  (67).  As  long  as  no  W11  fields 
of  appreciable  magnitude  exist  in  the  dielectric,  then  the  Wj2 
space  wave  is  only  formed  outside  of  the  dielectric.  Then  the 
same  fields  are  produced  outside  the  dielectric  as  those  of 
a  radiator  without  dieleotrlo.  The  impedance  Z2(zQ)  oaused  by 
the  outer  region  is  then  independent  of  the  existence  of  a 
dielectric  and  is  also  valid  for  the  location  zQ  of  a  radiator 
with  and  without  dielectric. 


To  be  able  to  oompare  radiators  with  and  without  dielectric 
also  the  theory  of  a  radiator  without  dielectric  must  be 
established.  Then  the  wave  equations  (30)  to  (40)  are  valid  up 
to  the  base  point  z  «*  0.  Due  to  the  larger  /c*  the  TM  modes 
are  still  smaller  as  compared  to  the  case  with  dielectric  and 
can  then  always  be  neglected  if  they  are  negligible  for  the 
same  frequency  in  the  dielectric.  If  Z2  is  the  impedance  in 
the  air  region,  then  in  analogy  to  (67)  with  fr  **  1 ,  the 
following  is  valid  for  Z2: 


Hi ,  v  h 

ji  *  >• 
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(68) 


where  according  to  (58)  for  =  1 


(69) 
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*he  difference  between  (67)  and  (68)  la  that  this  antannaHna 
with  dlalaotxlo  haa  a  larger  oapaoltanoa  aoooxdlng  to  the 
factor  f,  >1  or  fox  the  oaae  of,  ytt,  >1,  a  lax  gar  induotanoa 
aoooxdlng  to  the  faotox  As  a  result  tha  wkvelength 

and  tha  ohaxaotexlatlo  impedance  Z^  axe  diffaxant  in  both 
oaaea. 

Experimental  Testing  of  the  Theory  of  lmpedanoe  Transformation 
fox  vary  ehort  Radiator a 

fox  the  radiator  without  dieleotrlo.  the  input  lmpedanoe  Z2(o) 
at  tha  base  point  a  ■  0  is  measured  as  a  function  of  frequenoy. 
Fox  this  oea&enent  we  are  using  the  same  arrangement  as  used 
fox  Contract  AF  61  (052)-41  fif]  . 

Fig.  shows  the  working  plane,  Fig.  14  the  radiator  without  . 
dieleotrlo.  Fig.  15a  and  15b  the  radiator  surrounded  with 
dieleotrlo. 

Curve  1  of  the  Smith  chart  of  Fig.  16  shows  the  input  iope- 
danoa  Z2(0)  of  the  radiator  drawn  in  Fig.  5  without  dieleotrlo 
for  the  frequency  range  of  200  to  1000  mo/s.  From  this  Z2(0) 

The  lmpedanoe  Z2(a0)  in  the  sketched  surface  z  »  zQ  is  cal¬ 
culated  with  the  aid  of  equation  (68)  for  the  condition  that 
the  region  from  a  »  0  to  e  »  z0  is  filled  with  air.  As  an 
example,  Fig.  17  shows  tha  migration  of  Z2(0)  to  Z2(z0)  along 
this  inhomogeneous  line  at  200  mo/s,  in  accordance  with 
equation  (68),  if  the  losses  due  to  the  silver-plated  conductor 
surface  axe  neglected.  Curve  II  of  Fig.  16  shows  a  plot  of  the 
calculated  results  fox  Z2(z0)  obtained  in  this  manner  for  the 
frequency  range  of  200  to  1000  mo/s.  This  Z2(zQ)  is  simultane¬ 
ously  the  Z1(sQ)  by  whioh  the  dielectric  is  terminated  in  the 
suxfaoe  z  «  eQ.  From  Z1(zQ)  and  by  using  equation  (67)  the  in¬ 
put  lmpedanoe  Z^(O)  for  the  radiator  with  dieleotrlo  is  calcu¬ 
lated.  Fig.  17  shows  the  transformation  at  200  mo/s  from  Z1(z0) 
to  Z^(0)  along  this  inhomogeneous  lino  whioh  is  assumed  to  be 
filled  with  a  lossless  dieleotrlo  (  m  2.5).  Curve  III  of 
Fig.  16  shows  the  Z^(0)  whioh  were  calculated  in  this  manner  for 
the  fxaquanoy  range  of  200  to  1000  mo/s  and  ouxve  IV  shows  the 


Fig.  14  Fig.  15b 


measured  values  Z^(0)  of  the  radiator  with  dielectrio. 

If  this  measured  Z,j(0)  at  200  mc/e  Is  inserted  in  Fig*  17  then 
it  can  be  f'en  that  the  measured  2^(0)  lies  close  to  the 
calculated  Z,,(0).  Thus  the  theory  has  been  confirmed  at  the 
frequency  of  200  mc/s.  The  small  deviation  at  200  mc/s  between 
the  measred  and  calculated  values  has  a  magnitude  which  can 
readily  be  explained  by  the  losses  of  the  radiator* 

The  deviations  between  the  calculated  values  end  the  measured 
values  of  Zy( 0)  become  larger  with  increasing  frequency.  These 
deviations  could  have  the  following  two  causes: 

a)  Dielectric  and  radiator  losses 

b)  Additional  radiation  where  the  is  no  longer  negligible. 

The  line  z  -  zQ  which  is  drawn  in  Fig.  1  has  a  length  of 
18.3  cm  which  is  approximately  /o/2  at  900  mc/s  such 
certainly  new  radiation  effects  due  to  the  dielectric  occur 
at  this  frequency.  This  lino  has  approximately  the  ength 

/V/ 2  at  6C0  me/  s  such  thut  the  in  the  dielectric 
could  be  appreciable  and  cause  a  considerable  part  of  the 
deviation.  An  approximative  calculation  in  /”loJ  showa,  that 
the  dielectric  and  resistive  losses  are  negligible  in  the 
Frequency  range  l e tween  200  and  1000  mc/s. 

The  deviations  between  the  calculated  impedance  Z1 (0)  and  the 
measured  value?  Zy  (0)  can  only  be  explained  by  an  additional 
radiation  caused  by  the  dielectric.  As  the  impedance  measure  - 
ments  show,  tils  additional  radiation  becomes  consistantly 
stronger  with  increasing  frequency. 

VII.  Theoretical  Fesults  especially  for  a  Dielectric  having  (“r>£r 

As  was  shown  in  Section  VI,  the  very  short  radiator  which  is 
sur  ounded  ith  dielectric  has  no  additional  radiation  effects 
as  compared  to  the  radiator  in  air.  The  only  effect  the 
dielectrio  is  a  different  impedance  transformation  from  Zy(zQ) 
to  Z.,(0).  Thia  :is  also  valid  for  a  dielectric  of  /Uj  >  <fV  • 

Sin  e  the  theory  for  the  impedance  transformation  (neglecting 
losses)  of  very  short  radiators  has  been  confirmed  experimen- 
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tally,  it  suffices  to  oalculata  the  transformation  of  various 
dielectrics  without  conducting  measurement-  The  transformation 
occurs  according  to  the  equation: 


(70) 


with 


This  equation  is  analogous  to  equation  (67)  for  the  impedance 
transformation  along  an  inhomognecms  line  with  dielectric  with 
the  addition  thut  equation  (70)  accounts  for  an  SY  as  well  as  a 

The  position  of  the  impedance  Z^(0)  in  the  complex  impedance 
plane  is  not  important.  A  suitable  transformation  arrangement 
always  allows  fox  the  transformation  of  an  arbitrary  impedance 
Z.j  (0)  at  the  base  of  the  radiator  to  a  different  arbitrary 
impedance  at  each  freely  chosen  frequency. 

fa  '1,  ( 

Bandwidth  of  very  short  Antennas  with  ^ 

The  transformation  in  the  dielectric  causes  a  different  fre¬ 
quency-dependent  impedance  at  the  base  of  the  radiator  as  com¬ 
pared  to  tint  of  a  radiator  in  air.  As  was  shown  above,  the 
value  of  tin  ’impedance  at  the  antenna  base  has  no  influence 
upon  the  antenna  performance;  hov;ever  the  frequency-dependency 
of  the  impedance  at  the  antenna  base  plays  a  very  important  part* 
A  very  small  frequency-dependency  of  the  impedance  is  desired. 

The  question,  can  the  relative  bandwidth  br  of  a  very  short 
antenna  be  improved  by  using  dielectric,  will  be  considered  in 
the  following. 

The  relative  bandwidth  br  of  the  antenna  is  defined  by: 


(71) 
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R  " d  the  reai  p>-t  of  the  impedance  Z  at  the  base  of  the  antenna. 
A*  cording  to  [2]  the  expression 


is  u  aeaauie  fox  determining  the  frequency  interval  A  f  in 
which  a  freqi erey-d -pendent  impedance  Z(f )  =  R  *  jX(f)  may  he 
trunsfox  ned  into  a  arbitrary  frequency-independent  impedance. 
Shit;  definite n  is  mere  generalized  in  that  jdz/dcj/  instead  of 
fcT/dfrW  ie  inserted.  For  ari  electrically  short  radiator, 
'•5i/dA>/is  rpproximstely  equal  to  jdz/dojj  .  The  ratio  of  the 
bandwidth  b,.^  of  e  radiator  with  dielectric  to  the  bandwidth 
b,  of  a  radiator  ir  air  is  according  to  equation  (71): 


RcI)  is  the  real  part  of  the  impedance  at  the  base  of  a  radi¬ 

ator  in  dielectric.  F.sA  is  the  real  part  of  the  impedance  ZA 
al  the  base  cf  ?  radiator  in  air. 


lew  the  ratio  b^.y'b^.  of  equation  (72)  will  bo  obtained  at 
2oO  mc/s  fer  'adieus  dielectrics  for  the  radiator  in  question. 
The  measured  l?jeaar.ce  ZgCO)  cf  the  radiator  in  air  which  is 
transformed  into  zQ)  -  Z1(z0)  according  to  equation  (60) 
a  d  from  Z,(jO  in t c  Z,  (0)  according  to  equation  (70)  is  used 
her-!.  The  Piortion  according  to  equation  (70)  is  exact 

Slice  this  radiator  is  very  short  at  200  mc/s  and  does  not  show 
any  additional  radiation. 


a  dieleCrdc  vithf  -  2.5  .-u_  =  1  the  ratio 

v  r  /i 


r" 

rf--  -  0.236 


2o0? 
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is  obtained  and  fiom  equation  (72) 


0.47 


Therefore  the  bandwidth  of  a  radiator  with  dielectric  ( /  =  2.5 

yUy  =  1 )  is  smaller  than  the  bandwidth  of  a  radiator  in  air. 

For  a  dielectric  with/r  =  //UX  =  2.5  the  ratio 

H  dZA 

SiL.  *  0c3  -rnA-  =•  1  c  82 
RsA  dZD 


is  obtained  and 


0.55 


For  a  dielectric  with  /\xx  >  £  r  :  /r  «*  1,  ^ur  *  2,5  the  ratio 


1.15 


0.95 


is  obtained  and 


1  .09 


This  is  la;  ger  than  1 ,  but  is  very  close  to  1.  Therefore  the 
bandwidth  enlarging  effeot  with  ^ux  >  £ x  is  very  small. 

Thus  it  oan  readily  be  seen  that  the  bandwidth  of  an  antenna 
with  dielectric  with  <  Sx  becomes  poorer  when  the  dielec- 
trio  only  has  a  transformation  effect.  By  using  a  dielectric 


with  yur  a  small  improvement  of  the  bandwidth  as  compared 

to  the  radiator  in  air  can  be  obatained.  However,  since  no  di¬ 
electric  withyur  >  £  x  is  known  of  to-date  in  the  frequency 
range  considered,  the  transformation  obtained  by  using  dielectric 
will  always  cause  a  decrease  in  the  bandwidth.  Therefore  the 
performance  of  very  short  antennae  having  <  <T  will  be 

r  j  *  & 

deteriorated  by  the  dielectric. 


1  Vi 

Bandwidth  of  a  very  short  Antenna  with  ^  <C 
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With  a  somewhat  longer  radiator  having 

tl  1 

x  >  23*  the  dielectric  causes  an  additional  radiation  as  has 
been  experir^entally  confirmed  in  Section  VI.  Then  RgI)  in 
equation  (72)  becomes  larger  than  the  R  ^  calculated  from  the 
transformation  according  to  equation  (60)  and  (70).  The  ratio 
bli)/blA  also  becomes  larger  than  the  calculated  value  obtained 
fr  om  the  transformation  equation  (60)  and  (70) .  The  ratio 
^rl/^rA  as  calcula-tea  fiom  equation  (68),  (70)  and  (72)  will  be 
compared  to  the  measured  value  obtained  in  accordance  with 
equation  (72)  for  a  radiator  surrounded  with  Polystyrol  ( f r  =2. 
for  the  frequency  range  between  200  and  600  rac/s.  Curve  I  of 
Fig.  20  shows  the  calculated  values  for  ^rj/brA  and  Curve  II 
of  the  3ame  figure  shows  the  measured  values  as  a  function  of 
frequency.  It  can  be  seen  that  the  values  obtained  from  measure¬ 
ments  are  always  larger  than  the  calculated  one3,  since  the 
measured  data  contain  the  additional  radiation  effect  of  the 
dieleotric  which  was  neglected  in  the  transformation  calcula¬ 
tion.  However  the  magnitude  of  ^rj)ArA  which  was  obtained  from 
measured  date,  wen  also  less  than  1  „  This  means  that  the  some¬ 
what  larger  antenna  in  dielectric  f  <f  x  =  2.5  j ur  «  1 )  is  not 
brtter  than  *J\e  antenna  in  air.  This  is  caused  by  the  fact  that 
the  bardwidth  decreasing  transformation  effect  of  the  dielec¬ 
tric  whose  bandwidth  decreasing  transformation  effect  is  as  small 
as  possible  should,  be  chosen.  In  this  respect  the  calculated 
examples  have  eh'*r  that  a  dielectric  having  the  highest  possible 
/Uy  and  smallest  £  would  be  moat  suitable  fox  this  purpose. 
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Improvement  of  the  Frequency-dependency  of  a  Radiator  with 
Dieleotrlc 

It  will  now  be  attempted  to  find  a  suitable  Geometric  shape  for 
the  dielectric  which  will  tend  to  prevent  as  much  as  possible 
the  bandwidth  decreasing  transformation  effect  of  the  dielectric, 
butdoes  not  effect  the  additional  radiation.  This  could  be 
a  hieved  by  placing  the  dielectric  only  in  these  regions  of 
the  inhomogeneous  line  where  it  oould  ait!  the  effect  of  addi¬ 
tional  radiation. 

The  region  of  the  inhomogeneous  line  which  is  Important  for 
radiation  is  the  location  where  the  transition  of  the  V/  wave 
to  the  V1  wave  is  most  pronouced ,  In  examining  equations  (25) 
and  (13)  it  can  be  recognized  that  the  transition  of  V/q  to 
is  approximately  proportional  to  IQ  0  ,  I  is  the  ci|Vrent 

oi  vne  Wq  wave  on  the  radiator  and  is  defined  by  equation  (^S). 
It  can  be  readily  realized  that  it  is  not  advantageous  to  insert 
dielectric  within  the.  field  line  z/h  =»  0.5  since  the  lrne  is 
homogeneous  here  and  no  mode  transition  from  V/q  to  occurs 
Therefore  the  dielectric  should  first  be  inserted  outside  the 
field  line  z/h  =0.5. 

A  second  point  of  view  which  should  be  considered  for  a  radiator 
surrounded  with  a  dielectric  medium  is  the  following:  The  length 
of  boundary  field  line  is  determined  by  the  magnitude  of  Mf*  6  c 
By  means  of  a  siutable  choice  of  dielectric  it  can  be  accomplished 
that  the  boundary  field  line  of  the  Y/.  wave  lie3  within  the 
boundary  of  the  dielectric.  Then  the  V.  mode  ie  capable  of 
existing  in  wave  form  within  the  dielectric.  For  this  case  the 
dielectric  should  extend  outwards  ao  close  as  possible  to  the 
boundary  field  line  of  the  Y/1  wave  in  air,  so  that  the  V1  which 
was  formed  j  .  the  dielectric  can  also  exist  in  the  outer  air 
region  in  wave  form. 

Such  a  dielf  ’trie  arrangement  would  allow  the  bandwidth  -  en~ 
largening  ac  itional  radiation  effect  to  exceed  the  bandwidth- 
decreasing  t  -  reformation  effect,  e/en  for  the  case  yur  <  £  z 
Therefore  the  expectation  exists  that  the  use  of  a  dielectric 
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haring  eiutable  chosen  geometric  domonsions  in  conjunction  with 
antennas  with  h//^  )  V20  will  give  'ari/trA  >  1  even  for  the 
CE.ae  of  yu,  <,'£„o  However  the  desirable  effect  will  not  he  voxy 
large. 

Effect  of  i.-  die lectrio  with  very  !arae  /ur 

The  use  of  a  dielectric  with  very  large  yur  causes  a  considerable 
enlargement  of  the  electrical  length  of  the  antenna  with 
h/^  <  1/20  if  it  1b  regarded  as  e.  line,  hut  no  enlargement  of 

the  electrical  length  if  it  is  x«^;rdsd  as  a  radiator.  It  its 
a  fanjiliar  fad  that  on  the  average,  long  lines  have  a  smaller 
bandwidth.  In  tpeeifnc  cases  the  bandwidth  can  also  be  enlarged 
somewhat.  1:1  n?e  the  entire  pro  se  Jure  io  concerned  with  trans¬ 
formations  ,  the  improvement  of  the  bandwidth  can  also  be 
achieved  by  inserting  a  properly  chosen  four -pole  transformation 
arrangement  in  the  feeding  lino.  Here  fore  the  transformation 
effect  of  £i  ditlectrio  with  very  large  ^ur  does  not  bring  a  di¬ 
rect  inprovemert  of  antenna  performance. 

For  a  radiator  with  dielectric,  a  considerable  o nlargenent  of 
the  bandwidth  can  only  be  obtained  as  a  result  of  a  large 
additional  xaclattcr  .  lowaver  tha  additional  raJi.-ti on  caused 
by  the  dielectric  is  very  small  for  the  case  of  very  small 
radiators.,  Since  the  size  of  the  dielectric  should  not  extend 
beyond  the  geometric  height  h  of  the  very  short  radiation,  the 
boundary  f:.ald  line  of  the  veve  in  air  is  far  distant  from 
the  boundary  of  the  dielectric,  "lin  air  filled  region  III  of 
Fig.,  4c  within  th(>  boundfiry  field  line  possesses  an  imaginary 
wa^a  impedance  ,oi  the  mode  Due  to  the  large  /Ux ,  the 
fields  that  an  formed  within  tie  dielectric  are  capable  of 
existing  in  "Q»  form  of  waves,  however  they  decrease  exponenti¬ 
ally  in  the  ai..  xi  gion  III  of  P?g.  4c  surrounding  the  dielectric 
since  this  region  shows  an  imaginary  wavs  impedance  up  to  the 
boundary  field  line  of  the  V/^  wfva  in  air.  The  very  short 
X3diator  w:Uh  -try  large  /Ur  anc  h/^  <  1/20  has  a  very  large 
ugxon  III  of  Dig,  4c„  Therefore  the  fields  of  V/1  decrease  very 
nr. ch  until  arriving  at,  the  boundary  field  line  in  air.  As  a  re- 
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suit  they  can  hardly  cause  an  additional  radiation  in  this 
region. 

Therefore  the  use  of  dielectrio  with  very  large  ^  oan  not 
bring  an  improvement  for  very  short  antennas. 


VIII.  Very  short  Radiator  in  a  Polystyrol  Shell  of  improved  Shape 


Between  the  field  line  z/h  *  0.5  and  the  feeding  point  of  the 
radiator*  the  dieleotrlo  medium  only  causes  a  bandwidth  de¬ 
creasing  transformation  effect.  Therefore  the  dieleotrlo  ma¬ 
terial  should  only  le  plaoed  in  those  regions  of  the  antenna 
where  it  oould  aid  the  effect  of  additional  radiation.  Mg.  21 
shows  the  improved  geometric  shape  of  the  dieleotrlo  material. 
This  improved  shape  is  constructed  of  the  same  polystyrol  ma¬ 
terial  as  that  of  the  shape  in  sect.  VI  (£  =>  2.5). 

The  impedance  oaused  by  the  outer  space  at  the  coordinate 
z  ■  zQ  which  is  the  border  of  the  dielectric  medium  is  always 
the  same  for  very  short  antennas,  independent  of  the  dielectrio 
medium.  Curve  II  of  Pig.  16  shows  this  impedance  Z1  at  z  »  zQ 
which  has  been  calculated  from  the  impedance  measurements  of 
the  antenna  in  air.  The  transformation  of  this  known  impedance 
Zy  at  the  field  line  z  »  zQ  inwards  towards  the  field  line 
z  ■  zd  of  Fig.  21  is  obtained  by  uBing  a  computer  in  con Junc¬ 
tion  with  the  Runge-Kutta  method  for  solving  eq.  (101) 


(101) 


this  corresponds  to  equation  (67) 

is  the  impedanoe  to  be  transformed. 

Zj^  is  the  characteristic  impedance  of  the  feeding  line. 


(102) 


The  transformation  of  the  Impedanoe  from  z  «  zd  inwards  to 
wards  z  «  0  oooura  according  to 
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dl  '  ij  .JL. 

7T  m  1  A# 


(103) 


This  corresponds  to  equation  (68) 

She  dieleotrio  and  roolstiTe  losses  axe  so  email  that  they 
oan  be  neglected  in  the  oaloulation  procedure  as  was  done  tilth 
the  antenna  in  Beet.  VI. 

Curve  I  in  the  Smith-ohart  of  Fig.  22  shews  the  plot  of  the 
oaloulated  feeding  point  impedance  fox  the  frequency  range 
200  -  1000  mo/8.  Cuxve  II  glvea  the  meaeuxed  values. 

If  the  antenna  height  h  1b  smaller  than  A  ^20  then  the  mea¬ 
euxed  and  oaloulated  impedunoe  values  axe  in  good  agreement. 

If  h  is  larger  than  /  g/20  then  the  measured  impedance  values 
lie  olosex  to  the  QVR  ■  1  point  than  the  calculated  values. 
Ihle  was  also  obsexved  with  the  antenna  descxlbed  seot.  VI 
and  ie  oaused  by  the  additional  radiation  effect  of  the  di- 
eleotxio. 

Pigo  23  elves  a  plot  of  fcrD/toxA  according  to  equation  (72). 
Curve  I  of  Fig.  23  is  a  plot  for  this  ratio  uelng  the  oalou¬ 
lated  impedanoe  values j  Cuxve  II  gives  a  plot  fox  the  same 
ratio  using  the  measured  Impedanoe  values.  As  a  result  of  the 
additional  radiation »  the  values  fox  1>xj)Ax^  obtained  by  using 
the  oaloulated  impedanoe  data. 

If  the  curves  of  Fig.  23  axe  oompaxed  with  the  ooxxespondlng 
curves  of  Fig.  20  then  it  is  xeudlly  realized  that  the  new 
form  of  the  dieleotxio  medium  yleldB  a  noticeable  improvement 
of  the  bandwidth.  However  the  bandwidth  of  the  antenna  sur¬ 
rounded  with  the  improved  polystyrol  shape  io  otlll  smaller 
than  the  bardvildth  of  an  antenna  in  air* 

IX.  Very  short  Badlator  in  Ferrite  Shells  of  improved  3hane 

The  medium  whioh  surrounds  the  sphexioal  antenna  shall  now  be 
oonstxuoted  of  Pexrlte  material.  Ferrite  powder  mixed  with 
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melted  paraffin  (binding  medium)  was  used.  At  warm  temperatu¬ 
res  this  mixture  could  be  formed  to  the  desired  shapes.  Upon 
cooling  the  mixture  has  approximately  the  same  rigidity  as 
paraffin, 

A  test  set-up  was  constructed  for  measuring  the  electric  and 
magnetic  characteristics  of  this  material.  The  latter  consists 
of  a  variable  short  circuit  tuning  stub,  a  test-sample  line 
and  a  slotted  line  arrangement.  The  measuring  equipment  serves 
as  a  means  of  determining  the  following  material  constants: 

I  // 

/,  f  fv  with 


and 


with 


(105) 


Pig.  24  and  25  give  the  measured  material  constants  of  ferrite 
of  type  U  60  (Pig,  24)  and  HPFi  (Pig.  25)  from  Siemens  &  Ilalske 
Company  which  were  used  in  the  construction  of  the  improved 
shapes  (Pig.  21).  For  measured  data  of  other  ferrite  materials 
see  £llj  «  ihe  constants  /^and  yu^  remain  approximately  con¬ 
stant  in  the  frequency  range  between  200  and  1000  rac/s. 

Whereas  fr"  increases  slightly  with  increasing  frequency  and 
yux" increases  rapidly  with  increasing  frequency. 

Pig.  26  shows  the  plaster  molds  used  for  forming  the  ferrite 
shapes. 

Fig.  27  shows  two  finished  ferrite  shapes  and  one  shape  made 
out  of  polyetyrol. 

Pig.  28  show 3  a  bottom  view  of  a  ferrite  shape  and  Pig.  29 
shows  the  1  aster  with  a  spherical  rudiator  in  its  center  on 
the  measuring  plane. 
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Fig.  27 


Fig.  29 


35 


Calculation  of  i;he  Feeding  Point  Impedanoe  taking  Into  oon- 
eldexatlon  the  t.-lectrlo  and  aagnetlo  field  losses. 


The  transformation  of  the  known  Impedance  at  the  field  line 
z  a  zQ  (see  Fig,  16  ouxve  II)  inwards  towards  the  field  line 
z  b  zd  ooouxs  according  to: 


(106) 


with 


this  correspond:  to  equation  (70). 


As  was  the  case  with  the  antenna  in  sect.  VI,  the  resistive 
losses  can  be  neglected  since  the  outer  surface  of  the  radia¬ 
tor  is  silver  plated.  However  the  electric  and  magnetic  field 
losses  of  the  ferrite  body  itself  are  so  large  in  the  frequency 
range  between  200  and  1000  mo/s  that  these  must  be  included 
in  the  impedance  calculation.  Therefore  a  complex  material  con¬ 
stant  is  actually  used. 


A  *  j/*' 


(107) 


**  r*  t  /  * i/**  are  obtained  from  Figo  24  and  25*  If  equation 
(107)  is  inserted  into  equation  (106)  then  a  transformation 
equation  for  the  inhomogeneous  line  with  consideration  of  the 
electrio  and  magnetic  field  losses  is  obtained.  The  impedance 
which  is  obtained  in  this  manner  is  now  transferred  from  the 
field  line  z  =  inward  towards  the  feeding  point  z  *  0  by 
using  equation  (103) » 

Curve  I  of  Fig.  30  shows  the  calculated  feeding  point  impedance 
of  the  antenna  with  ferrite  U  60  (  <F  /  =  4.9*/*  =*  1.48). 
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The  latter  is  plotted  on  a  Smith-chart  fox  the  frequency  range 
between  200  and  1.00  me/s.  Curve  II  shows  the  measured  values 
of  the  feeding  point  impedance  of  this  antenna. 

If  the  antenna  height  h  is  larger  than  /  o/20  then  the  mea¬ 
sured  impedance  values  onoe  again  lie  nearer  the  SWR  =  1  circle 
than  the  calculated  values,  and  can  again  be  explained  as  being 
oaused  by  the  additional  radiation  due  to  the  ferrite.  However 
a  second  affect  exists  here: 

The  measured  impedance  of  curve  II  in  Pig,  30  shows  an  inden¬ 
tation  with  a  small  loop  in  the  frequency  range  about  600  mc/s. 
Here  the  impedance  lias  very  close  to  the  SV/R  ^  1  point.  This 
loop  is  oaused  by  a  cavity-resonance  of  the  V^-wave  within  the 
ferrite  body.  The  wavelength/  ^  of  the  wave  within  the 
ferrite  body  is  smaller  than  its  equivalent  in  air  by  the 
factor : 


The  first  resonance  of  the  W^-wave  occurs  in  the  frequency 
range  about  600  nc/s  where  the  electrical  wavelength  between 
z1  and  zQ  has  the  values  /w1/2,  The  next  resonance  occurs  at 
twice  this  frequency  namely:  1.200  mc/s.  In  the  impedance  plot 
of  curve  II  in  Pig,  30  one  can  already  notice  the  beginning  of 
the  second  loop  at  1.000  mc/s. 

The  exaot  transformation  of  the  impedance  Z  from  the  outer 
field  line  z  =  a  inwards  towards  the  field  line  z ^  occurs 
according  to  the  equation: 


Ihis  corresponds  •■•o  equation  ((>2). 
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In  the  vioinity  of  the  oavity  resonance  of  the  W.,-wave,  W1/l Tq 
beoomea  very  large  and  via  the  factor  P1  of  equation(108) 
influences  the  Impedance  transformation  dZ/dz  of  the  WQ-wave. 

In  the  oaloulation  of  the  impedance  in  accordance  with  equation 


(106)  the  faotor  1  « 
consideration;. 


'1  of  equation  (108)  was  not  taken  into 


Therefore  the  calculated  impedance  depicted  by  curve  I  of  Pig* 
30  does  not  contain  a  loop. 


In  the  impedance  oaloulation  a  consideration  of  the  W^-wave 
is  not  possible  since  the  magnitude  of  V/^/V/  is  not  known. 

Whereas  the  impedance  Z  of  the  WQ  wave  of  a  radiator  in  air  can 
be  determined  via  measurement  and  used  for  the  impedance  cal¬ 
culation  of  the  Ifh-wave  of  the  ferrite  antenna,  this  is  not 
o- 

possible  for  the  oavity  resonance  since  the  antenna  surrounded 
with  air  does  not  possess  suoh  a  oavity  resonance. 


The  resonance  behaviour  of  the  W.|-wave  in  ferrite  does  not 
cause  a  change  in  the  cosine  shape  of  the  directional  pattern 
of  the  antenna  as  long  as  the  geometric  antenna  height  h  is 
small  oompared  to  the  wavelenght.  If  a  different  antenna  pattern 
is  desired  then  the  geometrical  height  h  must  be  in  the  order 

of  [-4 

The  cavity  resonance  can  be  considered  as  a  transforming  net¬ 
work  in  the  inhoaojft'eouo  antenna  line.  Therefore  it  can  be 
replaced  by  a  si/JLtably  chosen  four  pole  network  which  is  in¬ 
serted  at  the  feeding  point  of  the  small  antenna.  As  a  resuir 
it  can  be  realized  that  this  phenomenon  does  not  bring  a  real 
improvement  of  the  antenna  characteristics. 

Figure  31  Bhowe  the  ratio  of  the  relative  bandwidth 

of  an  antenna  imbedded  in  Ferrite  U  60  to  the  relative  band¬ 
width  of  the  antenna  in  air.  Curve  I  of  Pig.  31  is  that  of  the 
calculated  impedance;  ourve  II  is  a  plot  of  the  measured  values. 
As  a  result  of  the  additional  radiation  and  the  additional  trans¬ 
formation  effect  of  the  cavity  resonance  at  600  mc/s,  curve  I 
lies  above  curve  I. 
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The  definition  of  the  bandwidth  is  only  plausible  when  the 
impedance  plot  does  not  oontain  loops.  Therefore  curve  II  is 
shown  in  broken  line  form  above  450  mc/s. 

Pig.  32  gives  a  plot  of  the  feeding  point  impedance  of  an  an¬ 
tenna  with  ferrite  HFPi  (//-  8.25,  /*•/*  2.82)  in  the  fre¬ 
quency  range  200  to  1000  mc/s.  Curve  I  shows  the  calculated 
values,  curve  II  the  measured  values  of  the  feeding  point 
impedance  of  this  antenna. 

Curve  II  once  again  lies  closer  to  the  point  SWR  =  1  of  the 

Smith-chart  than  does  curve  I,  Ac « result  of  the  large  values 

/  ' 

of  f  i  and  /**  the  loop  in  the  measured  impedance  plot  already 
occurs  at  350  mc/s.  Curve  I  of  Pig.  33  shows  the  ratio  t>rpArA 
using  the  calculated  impe lance  values  and  curve  II  for  the  mea 
sured  impedance  values.  Since  the  first  loop  already  occurs  at 
350  mc/s,  curve  II  is  drawn  in  broken  line  form  above  250  mc/s 
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Conolualona 

Ae  was  shown  in  TR1  the  practical  use  of  a  very  short  antenna 
is  dependent  on  its  bandwidth.  Therefore  if  one  wants  to  improve 
the  characteristics  of  a  very  short  antenna,  a  means  must  he 
found  to  increase  its  bandwidth.  This  could  be  possible  by 
surrounding  the  radiator  with  dielectric  material  especially 
ferrite.  First  the  radiator  -me  surrounded  with  polystyrol  and 
the  effect  of  various  geometric  forms  of  the  dielectric  material 
upon  the  antenna  behaviour  was  investigated.  Theory  and  measured 
data  has  shown  that  a  larger  bandwidth  is  obtained  when  the 
dielectric  begins  at  some  distance  away  from  the  feeding  point  of 
the  antenna  than  in  the  case  of  having  the  dielectric  already 
begin  at  the  feeding  point.  That  portion  of  the  dielectric 
which  is  in  the  vicinity  of  the^feeding  point  of  very  short  an¬ 
tennas  can  not  bring  an  improvement  in  the  radiation  behaviour 
and  thus  does  not  result  with  an  increase  in  the  bandwidth. 
Rather,  this  region  of  the  dielectric  only  causes  an  increase  in 
the  reactive  power  of  the  transmission  line  wave.  This  reactive 
power  is  undesirable  since  it  causes  a  decrease  in  the  bandwidth. 

These  results  seem  to  indicate  that  a  sphere  totally  filled 
with  dielectric  material  may  not  be  the  most  suitable  shape  for 
surrounding  a  dipole. 

According  to /?3j  and a  fundamental  limit  is  imposed  on  the 
bandwidth  of  antennas  by  the  impedance  of  the  spherical  wave 
function  representing  their  radiated  fields.  A  cosine  form  of 
the  directional  antenna  pattern  is  obtained  with  very  short 
antennas  whose  geometric  height  h  is  small  compared  to  the 
wavelength  regardless  if  the  antenna  is  surrounded  with  ferrite 
or  not.  [l2j  Therefore  only  the  lowest  order  dipole  mode  of  these 
spherioal  wavefunctions  appears.  Then  the  impedance  of  the 
latter  mode  is  the  same  for  all  very  short  antennas.  Therefore 
a  ferrite  shell  surrounding  a  very  short  antenna  does  not  bring 
a  real  improvement  in  antenna  behaviour;  rather  only  a  different 
transformation  form  of  the  antenna  impedance  results.  Our  im¬ 
pedance  measurements  indicate  a  cavity  resonance  of  the 
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wave  in  the  ferrite  body.  When  a  ferrite  with  very  high  yur 
is  used,  the  cavity  resonance  is  excited  at  very  low  frequencies. 
But  this  resonance  does  not  contribute  to  radiation  and  thus 
has  no  bandwidth  increasing  effect  because  the  air  filled  outer 
space  region  in  immediate  vicinity  of  the  ferrite  body  can  not 
support  the  -viave  in  its  propagating  form.  Only  at  very  distant 
regions  away  from  the  antenna  oan  again  exist  as  a  propa¬ 
gating  wave  in  the  air  filled  outer  space.  Thus  this  cavity 
resonance  also  hr. s  only  a  transforming  effect.  Since  the  an¬ 
tenna  is  very  short  all  this  transformations  could  also  have 
been  accomplished  by  inserting  a  suitab2e  fourpole  network 
in  the  feeding  point  of  the  antenna. 

If  the  antenna  is  chosen  to  be  larger  than  ^Q/20  then  the 
ferrite  material  can  also  influence'  the  impedance  of  the  lowest 
order  spherical  wave  function.  This  ie  especially  true  when 
the  ferrite  shell  has  approximately  the  same  height  as  that  of 
the  antanna  itself.  As  the  antenna  height  is  increased  the 
wave  function  already  has  propagating  wave  characteristics  in 
the  air-filled  outer  space  region  near  the  ferrite  body.  Then 
additional  radiation  may  be  transmitted  from  the  ferrite  body 
into  space.  This  additional  radiation  causes  some  enlargement 
of  the  antenna  bandwidth. 
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HB£  Radiation  resistanoe  of  antenna  in  dielectric 
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« 
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Part  2s  Polded  dipole  antenna  with  tunnel  diode 
Abstract: 


This  report*  deals  with  the  effects  of  a  combination  conflic¬ 
ting  of  an  antenna  and  tunnel  diodefl.  This  ia  a  first  report 
explaining  some  fundamental  rules  in  respect  to  the  appli¬ 
cation  of  tunnel  diodes  with  antennas;  aleo  the  correspon¬ 
ding  Impedance  measurement  techniques  are  described.  Part  I 
of  this  treatment  is  primarily  concerned  with  the  stability 
problems  involved  in  avoiding  self-excitation  pheneomena 
within  the  eyatem.  Part  II  diseussefl  the  basic  questions 
concerning  the  measurement  of  input  impedance. 

A  folded  unipole  with  a  tunnel  diode  at  the  top  of  the  ra¬ 
diator  ia  studied  experimentally  as  an  example.  The  measure¬ 
ment  of  impedances  with  negative  resistances  by  using  slotted 
;i:.e  techniques  ici  also  described.  The  next  report  will  treat 
n;a:h  co-.ir  inat ioAn  which  are  of  technical  interest. 
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I. stability  of  Antenna  Qysteas  containing  Tunnal  Diodes 
A.,  Negative  llesistance  Applications 

The  generation  of  a  negative  resistance,  which  is  achieved 
either  through  an  active  four -terminal  network  with  regene¬ 
rative  feedback  or  by  using  the  nixing  principles  of  a  non¬ 
linear  reactance,  requires  a  relatively  large  number  of  cir¬ 
cuit  components.  However  the  tunnel  diode  offers  a  negative  re¬ 
sistance  in  the  form  of  a  single  component  and  its  application 
requirements  as  a  circuit  element  are  the  some  as  those  of  a 
positive  resistance  with  the  exception  of  the  following  three 
points: 

a J  The  tunnel  diode  requires  a  bias  voltage  (approx.  120  mV), 

t)  Its  regulation  range  is  limited  to  a  mnximum  of  10  20  mV 
caused  by  the  descending  portion  of  its  characteristic 
curve. 

c>  The  insertion  of  a  negative  resistance  introduces  the  possi¬ 
bility  of  8elf-excitiition  o;'  the  network;  in  many  cases  this 

is  undesirable. 

« 

Taking  the  requirements  listed  above  into  consideration,  the 
Y!>  can  be  used  as  a  negative  resistance  element  up  to  an  upper 
frequency  limit  ?,f„"  which  is  also  the  case  for  positive  resiu- 
t  sees  and  1ms  the  name  cause,  namely:  the  reactive  oehaviour 
of  the  conductor  material.  ( The  theoretical  semiconductor 
effect  of  the  Tl)  in  independeit  of  frequency  up  to  10  ^  cps). 

.'he  simple  use  of  this  circuit  element  thus  provide  additional 
degree  of  freedom  as  for  as  tke  design  of  the  electrical  net¬ 
works  is  concerned,  since  the  positive  resistances  and  conductan 
ceu,  or  the  real  part  of  impeesnoes  and  admittances  can  be 
compensated  for  by  the  size  of  "R  ",  In  this  respect,  two 
application  goals  can  to  set  far  the  use  of  negative  resistance 
(excluding  for  the  moment  the  use  as 


a  self-oscillating  device)  and  are  listed  below* 

a)  featenuation  of  a  load,  thua  achieving  tn  amplification 
effect. 

b)  Application  of  negative  reeistanoea  for  obtaining  special 
impedance  and  admittance  functions,  especially  those  func¬ 
tions  having  characteristic  curves  turning  in  a  counter 
clockwise  direction  (influencing  characteristic  curves 
turning  in  a  clookwise  direction  in  respect  to  a  wide 
band  compensation).  Amplification  effect  through  the  ne¬ 
gative  resistance  in  this  case,  is  considered  of  no  value. 

A  self  excitation  of  this  current  loop  would  disturb  the 
operating  conditions  aid  must  thus  be  completely  avoided. 

B.  Network  Stability 

Before  Networks  are  calculated  ie  is  normally  assumed  that 
their  electrical  behaviour  is  such  that  nay  transient  exci¬ 
tations  are  of  a  decaying  nature  and  after  a  short  period  of 
time  a  steady  state  is  achieved  it  whiot  the  voltages  and 
currents  are  then  only  influenced  by  the  induced  signal  of 
the  connected  generator?.  This  assumption  is  valid  for  each 
case  of  passive  networks  and  thus  teed  net  be  investigated 
for  each  individual  caae. 

However  thia  assumption  does  not  necessary  apply  when  the 
network  contains  active  fourpolea  with  regenerative  feedback 
and  /  or  negative  resistances.  Therefore  t  cannot  be  assured 
that  the  methodes  of  network  analysis,  the  complex  calculation 
and  the  characteristic  curve  rules  all  fulfill  the  requirements 
for  such  a  system.  In  most  cases  the  transient  oscillations 
of  circuits  incorporating  negative  resistances  do  not  decay 
with  time,  rather  they  Increase,  and  as  a  result  of  the  non¬ 
linear  limitation  effects  either  a  standing  oscillation  will 
appear  or  a  pure  exponential  current  increase  prevents  an 
adjustment  of  the  operating  point  of  the  negative  resistance 
element. 


Therefore  it  become  a  extremely  desirable  to  assooiate  a  sta¬ 
bility  check  in  oonjunotlon  with  the  calculation  of  suoh 
circuits  or  to  oheok  the  stability  of  an  existing  circuit 
by  means  of  measurement.  In  addition  it  would  be  quits  ad¬ 
vantageous  if  a  aircult  which  has  been  proven  to  be  instable 
coTUd  be  stabilized  by  using  a  suitable  arrangement  which 
does  not  disturb  the  initially  preset  and  required  ciroult 
functions. 

Both  of  the  above  mentioned  problems  will  be  treated  separa¬ 
tely  in  the  following  text*  First  of  all  the  problem  of  a 
general  stability  oriterium  check  will  be  treated  in  section 
0  -  F.  The  ata bility-oriterium,  which  is  actually  suitable 
for  practical  checks*  is  expressed  at  the  end  fo  section  F. 
Circuit  recommendations  which  have  some  ohance  of  being 
stable  are  given  in  section  H.  However  in  case  the  practical 
applications  of  them  should  prove  to  be  instable  outside  of 
the  operating  frequency  range  due  to  stray  circuit  elements 
which  are  too  difficult  for  -heretical  consideration,  these 
circuits  can  be  restrained  from  self -oscillation  by  means  of 
inserting  a  Two -Pole-Stabilizer  (Section  H) . 

C„  Practical  Requirements  for  a  Stability  Check 

Basically  it  is  always  possible  to  investigate  the  dynamic 
behaviour  of  a  circuit  via  a  system  of  differential  equations 
when  the  network  structure  and  size  of  the  individual  circuit 
components  is  completely  known.  The  transients  (general  so¬ 
lution  of  the  homogeneous  diff.  eq,)  as  well  as  these  currents 
and  voltages  which  are  caused  by  the  connected  generator 
(special  solution  of  the  inhomogeneous  diff.  eq.)  by  means  of 
the  complex  calculation  oan  be  calculated  from  these  diff.  eqn 

The  transients  of  interest  can  hardly  be  calculated  in 
prac*:  ce  for  the  following  two  strong  seasons* 

i .  If  the  network  contains  more  than  two  reactive  components 
then  the  solution  for  the  characteristic  equation  of  the 
n15*1  order  is  difficult  and  hardly  possible  in  praotice 


2.  The  exact  network  structure  nor.  the  else  of  the  indivi¬ 
dual  components  are-  actually  unknown  even  for  what  appear* 
to  be  a  simple  example.  ]  Experience  has  shown  that  even 
stray-  and  couple-reactances  in  the  order  of  magnitude 
leas  than  1  nR  and  Ip?  respeoively-  may  not  be  neglected 
if  the  stability  criterium  of  wide*fcand  negative  resistance 
circuits  is  to  be  Investigated. 

In  respect  to  the  first  above  mentioned  difficulty,  a  way 

at. 

out  can  he  found  even  for  »  -term  networks  in  that  one 
abandons  the  search  for  an  explioit  solution  of  the  n-solu- 
tions  of  the  ohara cteristio  equations,  and  rather  determines 
if  by  means  of  a  simple  relationship  of  the  function  theory, 
whether  the  ohara oteristio  equation  contains  at  least  one 
solution  (Eigen  frequency)  vlth  a  positive  real  part  (an 
unlimited  increasing  transient  oscillation) . 

This  method  (encircling  criterium  of  P.Streoker  [l]  [2}  ) 
will  be  described  only  in  short  in  the  following  sinoe  it 
has  practically  no  meaning  in  respect  to  the  seoond  diffulty 
mentioned  previously-  However  this  method  is  of  some  value 
for  the  derivation  of  the  suggested  method  of  determining 
stability  as  will  be  shown  in  the  following. 

If  the  two  previously  mentioned  difficulties  are  compared 
with  one  another  then  one  comes  to  the  conclusion  that  a 
practical  and  meaningful  stability  cheok  definitely  requires 
measurement  of  the  network  tehaviour  and  network  funcions. 

The  measurements  must  be  cor ducted  so  completely  and  with 
suoh  a  high  degree  of  accuracy  that  the  above  mentioned 
parasitic  elements  (i  nH,  1  pP)  oan  be  readily  pinpointed 
in  the  measurement  data. 

These  requirements  are  fulfilled  by  the  impedanoe  and  ad- 
mittanoe-funotions;  in  reoiprooal  olrouits  these  functions 
are  superior  to  transformation  functions  due  to  the  former*s 
clarity  in  respect  to  their  universally  accepted  definition 
as  well  as  their  reliable  praotloal  measurement.  Since  the 
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ideas  developed  here  have  been  developed  for  the  use  of 
negatlw  resistances  in  linear  networks,  reolprooity  exists 
without  a  doubt.  If  on  the  other  hand  one  is  oonoemed  with 
a  network  in  which  aotive,  non-reeiprooal  fourpoles  are  con¬ 
sidered,  then  the  transformation  functions  are  incorporated 
as  ohecklng  functions  (for  example  the  Nyaulst  Crlterium). 

Tiie  preferred  functions  mentioned  above  can  be  found  as  mea¬ 
sured  characteristic  impedance-  or  admittance  curves.  In 
jdc.i.  tion  such  curves  of  a  practical  and  realizable  network 
I!  ,  ';  a  desirable  advantage  in  that  they  can  be  constructed 
.v.i  1  n  great  race  in  the  complex  plane.  However  along  with  this 
Advantage  exists  the  fact  that  the  characteristic  curve  which 
was  found  by  measurement  only  wfh^in  a  limited  frequency 
range  for  a  network  which  is  not  completely  known,  can  be 
extended  for  very  high  and  very  low  frequencies  via  graphical 
c 'in.ii.' .-nation  aince  thio  curve  is  always  dependent  upon  the 
.irlr It.g  function  of  the  circuit  element  which  is  directly 
connected  to  the  measurement  terminals 

]) _ The  Jfriclrcling  Crlterium  of  Strecker 

Tito  train  of  thought  presented  in  thio  section  is  concerned 
with  a  pure  analytical  search  for  the  Hlgea  vali>e*  of  a 
complicated  differential  equation  or  of  a  system  of  coupled 
differential  equations;  however  they  form  the  basis  for  the 
following  relationship  between  the  characteristic  curves  of 
the  impedance-  and  oonduotanoe-  functions  and  the  increasing 
or  decaying  transients  of  the  network. 

It  should  be  noted  that  a  stability  test,  no  matter  in  which 
manner  it  is  accomplished,  must  pertain  to  the  completely 
closed  network,  and  not  only  to  that  current  loop  which  en¬ 
compasses  the  negative  resistance.  For  example,  if  one  wishes 
to  insert  a  TP  into  an  antenna,  then  the  network  consists  oft 
the  antenna  with  the  surrounding  region  and  the  receiver  input 
.trap.:-. lance.  If  thw  latter  were  to  be  changed  slightly  (for  eu- 
approx.  i0>)  the  condition  of  matching  would  hardly  be. 


altered.  F, .iwever  as  far  as  the  stability  investigation  is 
concerned,  3  completely  different  network  now  exists  and  can 
l’or  examp!--  ceoome  unstable  resulting  from  the  alteration. 
This  critical  operation  behaviour  of  circuits  containing  ne¬ 
gative  res. .stances  rests  upon  the  fact  that  the  desirable 
effect,  a:  for  example  deattenuationt  obtained  by  inserting  a 
negative  :  ■.-•si stance*  forces  a  circuit  design  which  ia  already 
very  close  to  the  stability  margin. 

The  tract. 'Lenin  (current  time  functions)  of  a  purposely  chosen 
simple  exi  i'Lpie  as  in  Fig.1  will  be  investigated  via  a  ayatem 
of  differential  equations.  The  following  solution  form  ia 
ttiolpated: 


(P0/«  ^ 

This  meano  that  each  mesh  current*  i.1?  ig  etc.  consists  of 
a  sum  of  time-dependent  current  components  the  number  of  which 
is  the  same  as  the  number  of  independent  energy  storage  com¬ 
ponents  within  the  network,  Ab  far  sb  the  stability  consi¬ 
deration  is  concerned  only  the  time  dependencies  are  of  interest, 
therefore  only  the  Eigen  frequencies  or  transient  characteris¬ 
tics*  p0<(  po2  etc.;  the  initial  amplitudes*  I0l  etc.,  are 
not  of  in-r  T33-.; .. 


i. 


i'  iffol 

lixaov  for  a  simple  circuit  including  a  negative  resistor-. 
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If  the  vo 1 tag a  drops  are  summed  for  the  mesh  currents  in 
the  clockwise  direction  the  following  le  obtained: 


Keah  1  t 


*  ( "R, 


.>♦?  r*i 


dt 


•  0 


hesh  2  t 


-  0 


After  the  .sib  ota  tut  Ion:  i,  * 
made  in  tha  stations  and  the 
funotionse^o* 


1 2  -  I2eP°t  ha*  been 
latter  divided  through  the 


Kosh 


’  ■  V  -fin  *  rs )  * 


M  ~  poc  ^ 


-  o 


Mesh  2  i  It  (  -  ~  )  ♦  I  (  ♦  p  L  ♦  R  ) 

Pq“  ®  P 


*oC 


In  thia  mar  ji  the  system  of  homogeneous  diff .  eqn.  is  trans¬ 
posed  to  a  yacem  of  algebraio  equations  in  which  pQ  and  the 
currents  a  e  urJcnown.  The  resulting  equation  system  is  one  in 
which  zero  is  the  value  to  the  right  of  the  equal  sign;  since 
I,  and  I2  ifiou'd  not  be  zero,  these  equations  are  only  satis¬ 
fied  when  "n.  sterminent  of  the  coefficient -matrix  disappears, 
then: 


A  - 


1  "  ';-4  p0c 


’oC 


*oC 


P?  *  V  *  Rp 


a  -  P0VC  “  P0(L-HaHpC)  '  <W  “  0 


(  1  ) 


(  2  ) 
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The  reiati'  trip  (?},  ie  the  determine  equation  for  the  n-Eigen 
f  requencie.  ,  ( p^,  j>  u  etc.  and  will  be  called  the 

ciinrncteri  i  ■  equation.  Ift  respect  to  the  above  example  a 
second  order  polynomial  is  obtained  and  only  two  solutions: 

'  iger<  frequencies  pQ7  and  p0^  exist  for  which  the  polynomial 
can  h;n«.th’  value  zero,  and  pertain  shen  only  to  two  energy 
storage  cU.icee  in  the  network. 

ihe  method  of  ranapoeing  the  system  of  coupled  diff  equations 
:.s  a  nivtem  o  1  algebraic  equations  instead  of  setting  up 
the  character? stic  equa.  in  the  usual  manner  has  been  done 
intentions J ly  here  in  order  to  be  able  to  make  use  of  the 
matrix  order  scheme.  In  this  manner  muni  termed  networks  can 
be  investigated  in  a  digestible  manner,  for  example  by  using 
the  mar.y  transformation  rules  for  equivalent  matrixes  thus 
considerably  simplyfying  the  calculation  proceadure  for  the 
determinant  In  addition  some  general  pure  algebraic  stabi¬ 
lity  tent,  methods  exist,  which  rest  upon  the  coefficient  ma¬ 
trix  set  up  in  (l)  (for  example  the  determiners  criterium  of 
Thirwitz  i\J)~  Also  It  is  common  practice  to  obtair  the  deriva¬ 
tion  of  impedance  and  conductance  functions  from  such  mesh 
equations  or  matrixes,  and  in  this  manner  the  relationship 
V>tw een  the  clnracterietic  equation  and  the  network  functions 
<  impedance,  conductance,  transformation  values)  can  be  written. 

For  an  n'  tern  network  a  polynomial  of  the  ns  -order  ia  ob 
tained  ar,  the  characteristic  eauations 


i  p  ,  r> 

nr  u 


.  o up 

5*0 


a  id  )  t  is  (vi  not,  possible  to  calculate  explicitly  the  n  solu¬ 
tions  which  "ro  the  «- Eigen  frequency  vaiuea. 

Thin  d  iff?  <  ul  *- y  can  be  byj.tn.saed  in  the  following  manner  t 

Actually  h.  m  no z  required  lhat  the  numerical  value  of  each . 

1  igen  fre«:,.e..cy: 
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be  known,  rrlnoe  we  are  only  interested  in  determining,  if  the 
network  lo  otf'Crle  or  not  and  it  seems  to  he  unimportant  to 
know  exactly  in  what  respect  the  corresponding  network  is  un~ 
.-.'in’?  t r>  'i'hlo  means  that  it  is  not  required  to  know  the  exact 
tj'ne  function  with  which  a  transient  decays  or  increases  in 
vir.iltude.  Therefore  it  is  sufficient  to  know,  if  any  one  of 
r\ -solutions  “Pou"  of  the  characteristic  equation  poses  a 
p.-in;  live  real  part  "  ca-".  If  this  condition  does  exist, 

'.urn  tne  current  component!  1  e  ’ '  '  cj linos  ftvove  all  xi- 
a  r  u  with  i /.erasing  times  however  the  other  current  components 
..Vch  i v»vo  a  negative  real  part  in  the  exponent  decrease  to* 
vrii  .io  zero  with  increasing  time  "t” . 


Arcr.rd iry-i :j ,  the  initial  current  amplitudes  "I  '*  are  also  un- 
loj  octant  and  need  not  be  determined  here?  they  could  have  an 
t  -Mirary  oiaa.ll  value  for  example:  they  could  deocribe  the 
amplitude  of  the  circuit  component  itself.  The  expo- 
v.  >  •  r  t  i  :x  ].  Increase  an  a  function  of  tine  in  X'eallity  determ  in-s 
h/nnnic  behaviour  of  the  circuit.  It  can  occur  that  the 

transient/;  nay  develop  into  a  steady  state  oscillation 
.  :•  .  ill*,  fO  resulting  from  the  fion-l  inear  behaviour  of  the 

••onponer.t ,  usually  of  the  negative  resistance  itself. 

: jfter  to  answer  the  decisive  question  above:  "Does  the 
eh  ct  or  it*  tic  equation  have  at  leant  one  solution  with  a  po- 

part”"  The  following  treatment  is  made:  The 

-  "  of  the  polynomial  (3)  in  substituted  by  a  ge~ 

-  ,  ro;.:p;!!X  number  "p"  and  the  following  characteristic  func- 
•  ,  jo  --V, a  Inert: 


.P' 


o*  t 


(4) 


'•••:  <’  r  o',  yr-.- in  now  considered  as  the  transformation  fur.c  ■ 
*■  f  . r  *  uu-orming  from  the  complex  p  plane  to  the  complex 
•  nr.-  \  ly  only  the  imaginary  axis  of  the  p -plane  is 

?  '  tranr  ; -rrri/f  ■!  „  thus: 
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*•  u 


and  a  definite;  bury*  ia  _ . 

Theoretics  liy  the  polynomial  t&.  X9T  XM*. 
•  follow} ng . factors 5 


I>(  ju»-^o2» 


t  *  *  *  ?  •  * 


(>-pon)  •  ;(j*-o) 


xj-  "P0, 

.0  h  of  tii?  .iistar  factor*  (j«- pQU ) corr eapjnde  io  a  vector  in 


tM-  p-puri.'  which,  lo  to  tie  considered '  an  existing  between  the 
i  ft-crt  val u :•  p  ■  io  the  movable  point  jv  on  ttta  imaginery  axle 
■  si;*  fig.r  '  Ii  the  network  ia  stable,  which  means  that  all 
"u;en  frec’iencie-j  -  ie  on  the  left  aide  of  the  p-plane,  then 
*■  v'n  r  ventorsrotHteM  about,  the  angle  +  Tf  as  takes  on  all 
vi  .£■  >  ue*.  «  *.  axid  *  *  in  this  order.  The  rotation 
.  :  .  .  ••:.;*  u>  x  the  u  i  i  near  factors  on  tne  reft  aide  of  • 

•nation  *6)  must  however  be  equal  to  the  rotational  angle  Cf 


+;V, 


s: 


0} -vector  on  the  right  eide  of  the  equation. 


•  •  w 


i 


a  roe  in  toe  p  -  plane. 


The  plotted  curve  of  the 
aiding  ?  -  Funk t ion. 


’  j.vever  the  «ctual  position  of  the  T?igen  values  are  not  known 
I.,  the  p- plane  but  the  traxieforraatxon  of  the  imaginary  axis  !i 
nr  the  p-pla*  *  into  the  curve  P(  t-  )  ie  available  by-  equation 
( h  i .  'However  .mce  the  order  of  the  polynomial  ie  specified  by 
(hi  anti  there!  *  also  vhe  number  of  the  poaeible  F.igen  frequencies, 
or  linear  fact  r-»  of  the  separation  ae  in  (6)  it  ean  now  be 


tsaids  A  vscotr  (7-0)  which  exists  between  the  origin  of  the 
7 ‘plane  to  the  points  on  the  o  errs  P(  o  ) ,  will  rotate  about 
the  origin  with  the  angle  0  •  *n •TT  if  the  olrouit  is  stable, 
which  means  that  all  the  Eigen  frequencies  have  negative  real 
parte  (eee  fig. 2  ♦  3  for  n»2) .  However  if  instability  exists, 
which  means  that  at  least  one  Eigen  value  is  loos ted  in  the 
right  aide  of  the  p -plane,  then  one  of  the  n  possible  vectors 
does  net  exist  In  the  left  aide  of  the  p-planet  thus  its 
r'M-reoponding  rotation  faotor  *ir  is  missing  and  the  rotation 
factor  of  the  corresponding  vector  onuses  its  appearance 
In  the  right  si.  de  of  the  p-plane  (see  fig. 4). 

Thus  a  single  Eigen  frequency  having  a  positive  real  part  pre 
vents  the  maximum  possible  rotation  angle  of  the  ( 7-0) -vecotr 

„  *  n M  by  the  faotor  2. 

fn*  x 

Therefore  the  results  yield* 
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the 

circuit  la  stable  for  0  *  nff 
/•ircuit  is  unstable  for  0  <  n  TT 
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Fig.  5 

:>eroo  in  the  p-Plaoe  The  plotted  ourve  of 

aiding  7  •  Funk t ion. 

In  conclusion  it  shou{d  once  again  be  noted  that  these  stability 
checking  procedures  may  only  then  be  applied  when  the  network 
structure  Is  known.  The  oharaoterietie  curves  whioh  are  depicted 
in  fig.  3  +  5  describe  an  elding  funotlont  7  (  «  ),  which  has 
no  meaning  other  than  being  an  helping  fUnotion  and  also  can 
not  be  determined  by  oiroult  measurement. 


In  the  following  it,  will  be  shown  that  the  oharaoteristio  \ 
equation  (*}  i®  contained  in  each  Impedance  and  conduotanoe 
function.  In  addition  the  limi tat ione  in  unsing  the  charac¬ 


teristic  curves  of  such  funotion®  in  respect  to  the  stability  _ 
check,  which  wad  developed  ijn  the  preceding  section,  will  be 


shown . 


First  of  all  a  dimple  network  ae  in  iig.6  will  be  investigated 
in  order  so  determine  the  relationship  between  the  Eigen  fre¬ 
quencies  of  a  network  and  the  respective  impedance  or  conduce 
tar.ce  functions.  The  network  of  fig.  6  cohtaine  a  lossless 
parallel  resonance  circuit.  If  in  the  following  relationship! 


V. 


*  •  ■  •  h *> 


Fig,  6 

Example  for  a  eirouit  having  aaros  only 

a  finite  voltage  exists  at  the  network  terminals  even  for  an 
infinitely  email  current  "i"  (open  okt.  terminals)  then  Yfe  *  0. 
For  the  above  example  this  condition  can  easily  be  visualized! 

For  the  Eig  n  frequency  c oQ  a  voltage  can  exist  at  the  terminals 
of  a  lossleo.  uank  circuit  without  requiring  that  a  current  be  ’ 
induced  intc  the  network  from  without.  This  means  that  the  Eigen 
frequencies  of  the  network  are  obtained  from  the  requirement! 
f v  »  0.  For  \  he  above  example  the  following  is  valid* 


Afi  -t  j. 

pL 


9 

and  from  Yb  -  0  or  p  Le  ♦  1  «,0  the  following  1®  obtained! 

the  subscript  "V  means  that  the  corresponding  oonduotanee 
pertains  ton  bra  oh of  the  network*  *' 


Each  impedance,  conductance  and  transformation  function  oonaiata 
of  ratio  of  two  polynomial*  whan  oonaidered  analytloallyt  ( 


*Ja  +  + . 

b  +  b  .B*  ^  ♦  >«•»•••  b.s  ♦  1 

B  I  O 


Therefore,  If  the  Eigen  frequencies  can  be  oaloulated  from  th* 
requirement1;  Yb  *  0,  then  the  nummerator  polynomial  In  (9)  mart 
be  identical  to  the  ohara eterietio  equation  (3  )  of  th#  oirouit, 
ae  compared  to  the.  previous  eeotlon  where  they  were  obtained 
from  a  eyatem  of  differential  equation*.  (For  an  iapedanoe 
function  NZ^"t  the  polynomial  of  inter eat  ia  found  in  the  de¬ 
nominator.)  1 1  thia  reapeot  it  la  unimportant  aa  to  whloh  term inala 
the  eonduotano*  funotion  (  9 )  pertain*  ainoe  the  nummerator  ia 
identical  for  all  Yb  found  in  the  network.  Therefore  when  the 
impedance  ox*  conductance  funotion  can  be  preaented  in  algebraic 
fora  aa  in  a.  nation  (9).  th*  oharaoteriatlo  equation  oan  be 
reeognlzed  allowing  for  th*  uae  of  the  encircling  oriterlua  of(7). 


Setting  up  th*  analytical  conductance  funotion  la  aomewhat 
alapllfled  by  mean*  of  a  continued  motion  oorreaponding  to  an 
arbitrary  network  branch  aa  compared  to  wetting  up  th*  eyatem 
of  coupled  differential  equation*  and  calculating  the  deter** 
minent  of  the  ooefflolent  matrix. 


Before  the  enoirollng  oriterlua  oan  be  applied  in  a  merely 
traphioal  manner  to  oharaoteriatlo  curve*,  (actually  thie  goal  la 
the  only  one  of  practical  interact)  th*  meaning  of  th*  denomina¬ 
tor  polynomial  of  equation  (9)  ehould  be  givens 

If  a  finite  mrrent  le  mea cured  at  the  terminal*  of  fig. 7  even 
though  the  v  ltage  la  infinitely  aaall  in  amplitude  (input 
terminal*  of  fig.7  abort  circuit#*)  than  in  tha  relationships 
1  -  u  -Yb  of  the  oonductanoe  Yb  muat  have  th*  value  oo  ,  or.  tha 
denominator  polynomial  of  aquation  (9)  auet  beoom*  aero.  Tha 
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Eigen  frequencies  are  obtained 
Aron  thle  relationship  of  the 
network  which  1«  altered  in 
awch  manner;  .  The  denominator 
polynomial  of  a  oonductanoe 
function  Y^  (or  the  numerator 
polynomial  of  a  impedanoe 
function  2fc)  la  the  ohara ote- 
riatio  equation  for  the  net¬ 
work  which  ie  short  circuited 
at  its  terminals  (for  Y^  or  Z^), 


Fig. 7 

Example  for  a  circuit 
having  poles  . 


In  order  to  make  uee  of  the  previously  mentioned  stability  oheok, 
the  degree  of  the  numerator  polynomial  must  be  known;  this 
knowledge  oannot  be  obtained  from  the  shape  of  the  characteris¬ 
tic  curve.  However  it  ie  known  that  for  all  the  impedanoe,  con¬ 
ductance  and  transformation  functions,  the  numerator  and  de¬ 
nominator  polynomial  differ  at  the  most  by  one  degree  ,  which 
means  that  they  differ  from  one  another  by  at  most  one  Eigen 
frequency  or  one  veotor  in  the  p -plane  (see  fig. 2  +  4).  This  / 
relationship  la  independent  of  the  number  of  the  reactance 
component e  whloh  the  network  oontaine,  thus  independent  of  the 
magnitude  of  "a"  and  "n"  la  equation  (9). 


Previously  it  has  been  mentioned  that  the  complete  rotation 
angle  of  the  function  (3)  or  (4)  ie  n  -IT  when  the  variable 
passes  through  the  values  from  -  00  to  +00  and  the  network  ie 
stable,  whloh  means  that  all  the  Eigen  values  lie  in  left  side 
of  the  p-plare.  However  due  to  the  fact  that  ^  =»  e~J^ 
the  rotation  portion  of  the  denominator  polynomial  has  the 
opposite  sign  as  compared  to  the  numerator  polynomial  and  alnoe 
the  two  polynomials  oan  only  differ  in  their  degree  by  the  value 
of  one,  the  oomplete  rotation  of  a  ( Y^-C)  -veotor  oan  only  have 
the  following  values*  fi  •  -fT  ,  •  0,  or  fl  •  v-TT  , 


Pig. (8)  shows  ttese  three  possible  cases;  they  differ  from  one 
another  in  that  either  the  dregree  of  the  numerator  or  denomi¬ 
nator  polynomial  is  larger  or  both  have  the  same  magnitude. 

The  circuit  differs  in  that  the  network  etruoture  directly  behind 


'  ■  £  \  *  .V  » ' %ST:’ 
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the  terminal*  differ  a  and  the  corresponding  oharactSTimti#  ..  .- 

ourvee  differ  in  their  end  points  for  the  frequency*?* 

At  this  point  a  limitation  must  be  madet  the  example  of  fig.& 
which  is  a  conductance  function  hating  a  higher  degree  la  the 
denominator  -polynomial,  ie  to  be  excluded  in  the  following  i; 
or.neideratioas,  Thi a  particular  etarts  with  a  aeries  component 
whero^aa  the  conductances  Yb>  whloh  are  to  be  ooneldered  here, 
are  always  to  he  measured  parallel  to  branch.  This  limitation 
is  not  serif. ua  since  the  characteristic  Y^-ouryes,  which  serve 
for  deternrlring  circuit  stability,  may  correspond  to  any  arbi¬ 
trarily  chosen.  terminal  pair  up  to  this  point.  Also  for  net¬ 
works  in  which  the  structure  is  not  completely  known,  a  terminal 
can  certainly  bo  found  at  which  a  branch,  namely  an  arbitrary 
parallel  component  aa  for  example  a  parallel  capacitance,  exists. 


"Z1 


Therefor*  It  can  be  said  that  the  (Ya~0)-veotot  whioh  le  to  he 
considered  as  existing  between  the  origin  and  a  movable  point  on 
the  Y^-ourve,  can  only  rotate  by  the  angle  jfi  *  +1T  or  fi  *  0 
if  the  network  (see  fig. 8)  is  stable,  as  the  vector  point  pamea 
along  the  characteristic  curve  for  all  frequencies  to  *  -co  to 
u)  *  +00  in  this  order. 

Now  is  to  he  aaeumed  that  the  network  ia  unstable;  thus  the 
numerator  of  the  Yz-funotion  poseeeaee  at  leaat  one  sere  in  the 
right  side  of  the  p -plane  whereas  the  denominator  has  only  Eigen 
values  (for  the  present  consideration)  in  the  left  side  of  the 
p-plane  as  depicted  by  fig. 9a  +  9b.,  Since  the  veotor  in  the 
right  side  of  the  p-plane  gives  a  negative  rotation  component, 
the  rotation  angle  sum  of  the  passive  conductance  function  given 
above,  cannot  be  maintained.  The  angle  of  fig. 9  attains  the 
valeas  ]6  *  ~1T  or  a  ~  2ft  even  for  a  single  Increasing  Eigen 
frequency  these  values  cannot  exist  for  any  branch-conductance 
Y.  of  a  stable  network  (fig. 8), 
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yif «9  i  Poise  and  aeroa  of  a  network  with  the.,  corresponding .  r 

admit tanoe  ourraa. 
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Fnc  she  uret  et  requirement  for  fig  ..9,  namely  that  the  oiroult 
le  stable  ter  tie  ooadition  of  short  circuit  at  the  terminals 
of  Yb,  the  cteb.rity  oriterium  oan  he  stated  in  the  following 
manner:  The  r.cl*ork  is  stable,  if  the  rotation  angle  of  the 
vector  which  3 «  pictured  as  existing  tetweon  the  origin  and  an 
arbitrary  pcir.r,  on  the  characteristic  curve  of  an  arbitrary  branch 
conductance  Yj.  1  “  not  negative. 

At  this  poic t  jt  seems  that  an  objection  can  be  made;  namely: 

7/hat  signifi  zz.r.-.e  does  the  stability  criterium  have  when  it 
also  require  »;.?.»•  experimental  determination  of  a  specific  sta¬ 
bility  (with  sh:rt  circuited  termiiiala)?  It  should  be  reminded 
here  tha  ;  the  purpose  of  the  stability  check  is  not  only  one  of 
determining  whether  the  particular  network  in  question  is  stab¬ 
le,  (this  could  also  be  determined  via  experiment)  rather  the 
principal  pu rye ..e  of  this  method  seems  to  be  the  determination 
of  definite  arrangements  which  allow  for  stabilizing  the  network. 

Since  the  ohoj.es  of  the  measurement  terminals  Is  completely  free 
for  the  above  mentioned  oriterium,  and  no  requirements  of  the 
network  (for  example  concerning  the  number  of  the  negative 
resistances  contained  therein  have  not  been  set^  jU*t  seems 
theoretically  p  .Bible,  that  a  terminal  pair  exists  at  whlah 
firsts  a  short  .dreuit  does  not  oause  instability,  and  second: 
the  measurement  equipment  does  not  effect  this  condition (as 
could  be  o£-«ad  by  the  lmput  impedance  of  the  measurement  equip¬ 
ment)  since  the  measurement  at  an  oscillating  network  oannot 
yield  data  mica  can  be  evaluated,  later,  this  general  but  in¬ 
sufficient  mutation  of  a  stabiluty  criterium  wil^L  once  again 
oe  refsrrec  i.  ut  dropped  for  the  present,  sinoe  the  required 
liraltationr  '■  unioned  previously  in  this  respect  oannot  be  guaran¬ 
teed  when  b:j  ub  idutely  reliable  stability  test  is  to  be  accom¬ 
pli  iahed  for  u  .implicated  circuit. 

Si  ce  exper  !<?>.,'.  *  has  shown,  that  an  unstable  network  remains 
ur  .  Sable  fc::  men t  cases  even  when  a  network  branch  is  short 
circuited  (ac.ua.tly  very  few  branches  of  the  network  are  readily 
available  ror  measurement)  an  impedance  or  conductance  function 
cannot  six. tie  <:  clear  stability  examination  when  these  general 
requirenert u  a*  »  considered. 
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Tl-.tr-  reaeon  /or  '3  above  statement  cm  be  obtained  from  the 
following  train  of  thought*  If  the  denominator  of  example  la 
fig. 9  had  also  L  x  an  Kigen  value  ^in  the  right  aide  of  the  p-plana 
(unstable  uuder  .ie  condltlona  of  short  circuited  terminal  pair) 
then  the  rotation  component  of  vhe  numerator  polynomial 

would  ha  ,'fc  i:'..-ea  ‘compensated  by  the  corresponding  component  of 
the  denomir.-i tor  polynomial,  and  the  rotation  angle  cheok  of  the 
Yb»  function  wou.>-i  have  given  the  same  result  aa  the  oaae  for  a 
stable  circuit  !flg.8). 

Therefore  i  •  is  aiit e  clear  nhat  the  previously  developed  rota¬ 
tion-angle  -  .heav.  is  inauffieoient  for  such  cases.  Certainly  the 
investigate  »r  via  measurement  of  such  network  is  also  fruitless 
since,  as  has  a~f  ready  previously  been  mentioned,  the  measurement 
of  an  Okjcii  ati:«  network  is  of  no  value.  However  if  the  charac¬ 
teristic  curve  o‘  such  a  circuit  had  been  constructed  in  the 
resistance  oi  conductance  plane,  then  the  instability  could  have 
been  predicted  by  means  of  analizing  the  behaviour  of  such  unusual 
characteristic  carves.  For  examples  if  the  characteristic  com¬ 
pletely  remains  in  the  right  side  of  plane  and  contains  only 
counter  clockwise  turning  curvatures.  Also  the  correlation  of 
specific  regions  in  respect  to  their  boundary  curves  as  obtained 
from  conform *1  mapping  principles  can  successfully  lead  to  de¬ 
termination  cf  an  Instability  in  that  one  determines  whether  the 
origin  of  the  plane  can  be  mapped  into  the  region  of  the 
p-plane  having  6>  0.  Additional  oatSteriona  of  this  nature  is 
be^ng  lntentionci -y  oramitted  here  eince  a  desirable  system  in 
this  respect  couM  not  be  obtained  as  of  yet  and  the  majority 
of  such  criterion a  only  lead  to  an  instability  statement;  however 
no  difinite  conclusion  is  reached  as  to  the  stability., 

Y _ Poealblli i J e e  for  a  Clear  Stability  Jetenninatlon 

From  the  ocnaida rations  developed  in  the  preceding  seotion  and 
eer.eoially  from  the  determination  of  the  influenoe  of  the  de¬ 
nominator  polynomial ,  the  following  two  restricted  assumptions  - 
wb^oh  allow  for  a  clear  and  meaningful  stability  check  via  measured 


or  constructed  impedance  or  -admittance  wahi**\ 
necessary:  .  .  /  •" 

.  the  circuit  contains  only  one  negative  resistance, 

.  The  measured  or  geometrically  odnatruoted  characteristic 
curvea,  which  are  used  for  the  stability  check,  refer  to 

\ 

those  circuit  terminals,  between  which  the  negative  resistan¬ 
ce  toe  been  inserted,  (therefore  no  longer  in  an  arbitrary 
network  branch' „ 

In  this  manner  it  is  guaranteed  that  the  denominator  polynomial 
of  the  teat 'function  can  never  have  Eigen  values  in  the 
right  side  of  the  p-plane,  since  the  network  which  is  short 
cirouited  at  those  terminals  is  definitely  passive. 

The  only  existing  negative  resistance  would  have  no  effect  due 
to  the  short  circuit,  and  the  statements  mnae  for  fig, 8  for  a 
stable  circuit  in  respect  to  the  rotation  angle  of  the  (Y^~ 0)- 
vector  or  the  given  values  pertaining  to  an  unstable  circuit' for 
fig, 9  are  valid..  The  associated  requirement,  that  the  test 
function  must  pertain  to  a  branch  of  the  network  (in  contrast 
to  a  terminal  pair  which  would  exist  due  to  a  junction  separation) 
is  without  doubt  fulfilled  by  the  above  requirement  No, 2  and 
retained  herein. 

One  can  su mraarize  in  the  following  manner: 

One  coiioi-tsrs  that  a  vector  exists  between  the  origin  to  the 
). ocug  of  •-he  '  function  (either  measured  values  or  geome 

tricai  construction  for  the  only  network  terminals, which  contain 
the  negative  resistance,}  inhon  the  circuit  ia  tnen  stable,,  when 
this  vector  does  undergo  a  clockwise ‘ rotation?  thus  the  rotation 
angle  0  either  has  the  value  0  or  +TJ  . 

( For  the  sake  of  clarity,  these  investigations  were  carried 
through  only  for  branch- conductance  values.  The  same  test  crite*- 
riums  are  also  valid  for  a  branch  bisection  impedanoe  (impedance 
between  the  two  resulting  tsrmi mis  obtained  by  opening  a  net¬ 
work  l~*nch»:  thus  the  branch  curtaining-  ^b.e  nsgarive  resistance 
must  opened  and  the  impedance  at 'the  two  resulting  new  terminals 
must  r  e  measured.  Due  to  the  desire  of  obtaining  practical  and 
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arc'  cjnvsn?3n  ’oeaeurement  techniques,  this  teat  function  la 
eomevnat  unawtable.  when  branch-impedanoes  ■  -y» ■  '  are  used 
then  the  sign  of  the  given  angle  value  ohangea  . .  ^ 


Before  the  practical  signifaoanoe  of  the  limiting  assumptions 

is  to  be  discussed,  the  above  mentioned  stability  oriterium 

should  be  transformed  to  a  suitable  form-  Since  the  Characteristic 

curves  which  are  to  be  evaluated,  exist  in  an  unueally  large 

frequency  range,  they  can  continuouely  lie  further  away  from  the 

point  of  matching  (operating  frequency)  by  spiraling  about  this 

matching  point  with  varying  radius.  Therefore  the  presentation 

of  curves  ii  the  Smith  diagram  should  be  eet  in  preference  to 

the  previuos  presentations  in  the  cartesian  coordinate  system. 

However  t;  portion  the  impedanoe  and  conductance  characteristic 

curves  for  a  oirouit  containing  a  negative  resistance,  pass 

through  the  negative  portion  of  the  plane;  the  above  inferred 

advantage  ( in  the  unity  oircle)  of  using  the  Smith  Chart  aleo 

has  the  large  diavantage  that  the  negative  plane  lies  outside 

of  the  unity  circle  in  the  negative  plane  for  the  same  transfer- 

mation  (Y^  *  y  y-y  and  extends ~to  infinity. 

o 

This  difficulty  can  be  bypassed  by  transforming  the  test-func¬ 
tion  and  the  ;est  point  (origin).  If  one  considers  the  fact 
that  the  conductance  at  the  terminals  of  the  negative  resistance 
always,  has  tl. -i  forms  Y^  =  Y  -  jp-  f  then  the  following  variation 
of  ti  e  test  vect  or  is  possibles  n 


/  ris >0* 


Pig.lo  Trans f^natition  of  the 
for  the'  sake 


(Y  -  y  )  see  Pig  1  o 


/ 

/  F>  J  t»b 

/ 


|  / 

curve  Y.  (*>)  into  the  ourvs  Y(<*») 
of  a  suitable  stability  test* 

l 


This  means  that  a  new  conductance  funotion  Y  exists,  tfliiah  re¬ 
places  the  prr*iously  used  test  funotion  Y^,  or  the  rector  whioh  , 
was  drawn  between  the  origin  and  the  looue  of  Y^(  u)  ),  la  replaced 
by  the  new  test  veotor,  now  considered  to  lie  between  the  poWt 
■g —  to  the  locus  of  Y(  a)  ) (fig.lo). 

The  new  teet  function  MY'*  is  that  conductance,  which  remains 
at  the  respective  terminals,  when  the  negative  resistance  la 
removed  .  Therefore  a  pure  passive  conductance  funotion  remains 
and  the  corresponding  characteristic  curve  can  never  exist  in  the 
negative  half  p~ane 

Therefore  not  only  is  the  practical  use  of  the  Smith  Chart 
assured,  but  additional  practical  advantages  are  obtained? 

The  iself  excitation  of  a  circuit  is  now  no  longer  of  a  disturbing 
nature  when  experimental  investigations  in  the  form  of  measure¬ 
ments  are  uacU-rtaken,  since  the  circuit  can  only  then  become 
unstable  -when  the  negative  resistance  is  connected.  If  the 
network  contains  other  negative  resistances,  then  the  above 
cr.terium  can  be  applied,  (if  even  the  first  of  the  preset  re- 
q  uirements  is  violated)  if  the  measured  characteristic  curve 
of  the  teat  function  verifies  the  condition,  that  the  network 
is  passive. 

Character  it t  =  c  curves  of  passive  circuits  correspond  in  one 
respect  to  the  matching  considerations  of  known  geometric  cur¬ 
vatures,'  (thus  an  actual  measurement  is  superfluous  in  many 
cases)  and  correspond  in  the  other  respect  to  the  firm  limi¬ 
tations  of  their  curvature  concerning  the  rotation  sense  of  a 
vector  whioh  ia  pictured  as  extending  to  such  characteristic 
curves. 

Now  in  coner.deration  of  the  previously  mentioned  condition 
that  a  stable  network  is  rwrmarked  by  the  fact,  that  the  vector, 
which  is  considered  as  being  drawn  from  the  point  ^  to  the 
points  on  the  curve  Y(  <o  ) ,  may  not  posses  a  olookwfee  rotation 
eem.e,  and  cm  the  other  hand,  H.Yolter  [4]  has  proven,  that 
euch  a  vector  ay  not  posses  a  'clockwise  rotation  sense  if  the 
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network  le  passive,  it  oan  readily  be  concluded,  that  Ihe  point 
•l  may  not  enoompaeeed  by  the  teat  curve  if  the  oirouit  ia  to 
be  stable. 

Now  the  impedance  function  oan  onoe  again  be  introduced  aa  the 
equivalent  lest  functioni  if  the  point  in  the  conductance 
plane  is  not  encompassed  by  the  charaot elastic  curve  Hy(  00  )H, 
then  the  point  R  is  also  not  encompassed  by  the  characteristic 
curve  Z(  CO  }  in  the  impedance  plane,  since  in  the  oase  of  re¬ 
ciprocal  transformation  the  correlation  of  points  and  regions 
remains  the  ease.  Pig. 11  shows  the  curves  in  the  impedance  and 
admittance  planes  for  some  examples  of  stable  and  unstable 
circuits, 

be 

Now  the  stability  criterium  can  stated  in  its  final  formi 

"If  a  negative  resistance  -R  ie  <o  be  inserted  in-  i 
to  e  passive  network  and  stability  is  to  be  guaran-  . 
teed,  then  the  characteristic  curve  for  the  iramit-  i 

tance  at  the  foreseen  terminals  for  tunnel  diode  ! 

1 

:  insertion  must  not  encompass  the  point  g—  in  the 
!  conductance  plane  or  the  point  Rn  in  thenimpedance 
plane „  ' 


Pig. 11  Stability  test  by  iapedanoe  and  admit tan*  curves.  The  right 
examples  are  stabel,  the  left  ones  are  inetabel. 
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0.  Dieouaalvtt  c  the  Limitation  Aasumptlons 

It  should  bn  reminded  that  the  reliability  and  clarity  of  the 

previot-ly  not  ..en*»n  eimpM  stability  iriterium  of  the  measured 
or  gt*ct-  i .  r.ti\  i.  ccu-s'ervint character :  ;v  ».c  curves  was  aocora- 
3 1  Is*'  ec  .tj:'!  •  1  >  'ey  TjflV?  %  the  two  f  .-.tig  important  lirai- . 
Ir  t. ;  z  o  ‘ 

i  ■  \  e*  ;v  v  iruj  ni.>  one  n^gi-r:  t  vs  resistance,  (However 

•i:  t. -  •. 1  . ■  fl  o.-ntaitifd  in  the  -u/  suit*  if  these  addi¬ 

tional  c  .  *  -  i  >  c iy  j.arni .1  el e :l  v*  a  larger  positive  • 
conduct anoe  hie  >  audition  hardly  *eema  to  be  of  techuioal 
interest 1 

2,  The  measured  or  geometrically  constructed  characteriatlc 
curves  which  are  used  for  the  stability  consideration,  must 

apply  i '  thooe  terminals  of  the  network,  between  which  the 

nog  rea  ls  to  ee  inserted. 

Jr,  a oco rda.--ce  witi  the  practical  application  desired,  either 
at-  a  two  pvl s  arp-ifier  or  ac  '..at  case  max  He,  for  ob mining 
apeciaj  impedance  functions,  these  requirements  may  become 
difficult  ins  i  one  laes  impossible  to  fulfill.  In  the  following 
these  invent  ig&t  loi »  wl.il  be  conducted  for  the  amplication  be- 

•O.dlfiU  ‘l6/  > 

heviout  of  the  n»g  rec  , '  since  thin  is  a  completely  dlecribebal 
application  g- ■ , 

1;  .  at  ■ .;  v*?<  pi .  ?  =,•.•{.  li~ i->r  (ha  fire.'  previ  ('rely  mer,- 

t 1  ■:•••>  :...'  r  .  .•.;•»•  ••  v  *  .  ..  -r  •.  *  &  r  J  on  a-1  nee  »t>  an.i 

;  ;i  ...  .;  '.'Of,;  Of  *  V3C 

pi  i  gam  ??>♦<:  r.  •  .  :  ■ ;  •  *  >»•: r  pc  o  ers  tor  trequar- 

ci  os  bai  on  *•>.:-  •  ••  are  at  ,  ?2s<  fecjulval am  in  per¬ 
il.  ro!.n-e  .  ‘  *i  *  ...dir  •»?  e  *«••  •  ii  (-y  i«»  cor earned „  ir 

reap  so  i-  tc  •  t."  :  •: !  c  .!•:  i-.vt  •  ..'liit  .  ;P.  .*  too  d<?  pro -amp.,  tfie.r 

i*>  •  micro  -  *  ;•  ..-  ■  •>...•  sic  *roc  .  are.  .a  ••*''i*ra»p*>»d:tog  two 

pv  e  prea?;.  I-  •  */ip‘  .*»•  '  ic.;*.  r  t-s  •••sed  to  j eve  a  stable 
*i.  >ra  c  i •  •••»■•  n  sr.  o:  -B  ;'n  a  -.or  » .’ •■  ,-rnou  H  te  no  - 

r-hat  •  •  .c  up  ri.':*-  .-  *>/  vise  iv,  ccr.nec  ce<j  c->nvejn.xai 

m.. yrcw&ve  ool'-i;'  •’  comr-ccsd  dirttoliy  behin-.t  the  T,D. preamp) 
bo  some.'  nej.’i.-i.i  u.-in  ts  'comae  red  to  the  .noise  figure  of  the  T.D. , 


The  use  of  ra.  e  than  one  T.Do  is  not  necessary  in  this  case. 

I-  in  addition  lit  "Gain  Bandwidth  Product"  la  to  be  increased 
via  aeries  c.r*nm  otion  of  several  atages(having  displaced  tank 
circuit  Xreqiic./  then  theoe  stages  must  definitely  be  one-way 
buffered  froa  i-ch  adjoining  stage  by  using  a  non-reciprocal 
four  pole  (ui  lima,  Gyrator).  If  this  were  not  done,  the  end  re¬ 
sult  would  be  a  multiple  parallel  connection  of  tank  circuits 
and  T.D06  whi  h  behaves  in  the  aume  Planner  as  a  single  tank 
circuit,  The  r on-recijir ocal  four  poleo  breakB  the  circuit  down 
into  several  component  networks  without  reverse  inpednnoe  be¬ 
haviour  o  Each  component  network,  which  thue  only  containa  one 
T.D.-  fulfil]  •>  the  above  mentioned  requirements,  and  can  there¬ 
fore  ue  clearly  investigated. 

The  desire  for  inserting  several  T.lhs  into  a  circuit  is  then 
always  deoirsscie,  when  available  power  of  a  single  element 
(eppioxh  iC  yiM  for  Ge-TDe)  resulting  from  the  minute  voltage 
regulation  region,  la  insufficient (For  an  oscillator  appli¬ 
cation  this  1 .3  obvious.  It  should  be  Bhortly  mentioned  here, 
that  also  for  tills  application,  which  refers  to  an  intentially 
unstable  network*  a  stability  is  definitely  worthwhile,  since 
an  undesirable  sharp  shift  or  change  of  frequency  must  be 
avoided.)  _ 

The  direct  parallel  connection  of  several  T.D.s,  which  fulfill 
the  above  lire  -t  t  lens ,  however  is  without  practical  signifi¬ 
cance,  since  a  having  an  arbitrary  low  resistance  can  be 
produced.  However  the  possibility  of  obtaining  stability  becomes 
continuously  store  critical  as  the  resistance  of  the  Tl)  is  de- 

'  f 

ereasioL  In  this  ense  a  series  connection  of  low-resistance 
X.Ibs  appears  ^0  be  suitable;  It  seems,  that  a  negative  re¬ 
sistance  is  then  obtained,  which  has  a  factor  n  (n  =  number 
of  T.U.s)  larger  voltage  regulation  range*  However  this  arrange¬ 
ment  of  real  negative  resistances  is  not  possible  in  principle 
with  T.H.a,  since  a  relatively  complicated  network  exists  all- 
ready  when  tunnel  diodes  are  connected  "In  aeries  due  to  the 
internal  reactive  components  of  the  T.l).  and  .0  single  negative 


i 
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resistance  o;.:.  ever  be  obtained  in  this  manner.  Such  series 
oiro'.’its  am ■  Really  unstable  (oven  when  the  actual  network 
conaiate  ef  ’ male  component  for  example:  laziest  possible 
ohmic  condne-  inc c)  if  one  expects  that  a  suitable  bias  voltage 
distribution  sn.vts  among  the  individual  elements.  In  the  case 
of  individua]  ..me  voltage  supplies,  a  series  connection  is 
basically  pnssi.*-'®  and  can  be  tested  in  principle  by  the  above 
mentioned  cr  tar... 

In  conclusion  1  *.  can  be  noted  that  the  T.T).  practically  does 
not  fall  under -any  limitations  for  a  single  active  element  when 
considered  for  the  application  as  a  low-noise  email  signal  am¬ 
plifier  for 'microwaves  (this  is  the  most  important  field  of 
application  lor  the  T.  h>, ) « 


An  objection  to  the  second  requirement  (which  pertains  to  che¬ 
cking  the  ch;.r;  cteristic  curve  at  the  terminals  of  the  negative 
resistance)  can  ”3adily  be  made  since  these  terminals  are  not 
accessible  nines  they  are  located  approximately  10  to  100  X 
apart  from  onernother  within  the  semi-conductor  crystal.  Whereas 
the  reactive  components  of  the  T.D.  may  be  neglected  for  circuit 
considerations  below  100  ;>Ic,  these  internal  reactive  components 
such  as  the  narasitic  socket  and  lead  reactance  nay  not  be 
reflected  fox  the  stability  consideration.  These  parasitic  ele- 
:.\e n <•  s  as  dipictcd  in  Pig.  12  have  been  reduced  to  extremely  snail 
values  via  technology;  however  the  measurement  of  the  same  can 
be  accompli ct.cil  with  sufficient  accuxucy  by  using  the  methods  [5] 
which  was  ef  (KJO.-n’ ly  developed  fox  this  purpose. 


Therefore  the  characteristic  curve  Y_ ( cj ) P  measured  at  the  lo- 

0 

cot  ion  of  planned  T.D.  insertion,  can  be  transformed  to  the 
suitable  test  curve  y(«)  by  meuns  of  a  four  pole  transformation, 
see  Pig.  13. 


Pig. 12 

TD  equivalent  network. 


Pig. 13 

Transformation  of  tbs  measured 
admittance  of  the  aotual  network 
into  the  suitable  test  funktion  Y. 


{ 

i 


Gucn  a  transformation  has  been  accomplished  in  Fig.  14;  the 
|  circuit  is  stable. 

t 

s. 


f  • 

! 
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Fox  practical  applications  this  methcd  haa  the  following  dis¬ 
advantages:  •  Tt  haE  already  been  explained  that  the  purpose  of 
the  stability  test  is  not  only  that  of  determining  whether  the 
characteristic  curve  is  suitable,  but  rather  this  test  should 
also  enable  the  deternination  of  suitable  arrangements  which 
aid  in  obtaining  a  suitable  change  in  the  ourve.  The  reactive 
components  of  the  equivalent  T.D.  circuit  of  Fig.  12  a$d  1? 
cannot  be  completely  freely  chosen,  elnoe  thle  can  only  be 
achieved  by  sorting  out  the  S.D.e  accordingly  to  the  desired 
parameter s.  However  the  characteristic  curve  of  very  few  cir¬ 


cuits*  transformed  by  the  equivalent  reactive  oirouit  of  the  T.D. 


va-wfs * 

■  *,  .  X .  A>' 


in  etttoii  a  rs  to  yield  a  duitatif 
tic  curve.  The  change  must  be  accomplished  in 
vox*  'itself.,  !!-«>- ver  due  to  the  four  pole  tianetornatiM 
existing  tetween’the  negative  xeeietanoe  and  the  passive 
it  la  not  directly  possible  to  determine  the  - 


in  respect  to  a  stability  consideration  by  observing  the  Y-eurve* 

t  ' 

Therefore  there  renalns  the  desire  to  be  able  to  make  a  stabi- 
lity  consideration  directly  at  the  terminals  of  the  actual  cir¬ 
cuit.  By  means  of  a  suitable  change  of  the  test  oritexium  this 
desire  can  be  taken  Into  aooount. 


Until  non  the  stability  check  rested  upon  determination  and  the  , 
evaluation  of  the  relationship  between  the  characteristic  curve 

and  the  test  point.  If  it  is  desired  to  transfer  the  checking 

.  ,  - 

relationship  from  the  real  test  point  or  Rn  to  the  frequency 
dependent  input  impedance  Zn(u> )  of  the  T.D.,  then  the  new  cor¬ 
responding  toot  method  consists  of:  thoroughly  Investigating  the 
relationship  between  the  input  impedance  Za  of  the  circuit  and 
the  characteristic  impedance  ourve  of  the  TD  in  ord*r  to  dtarnina, 
wUothor  mutual  ouanre  shapes  and  interseetlon  point*  exist. 

In  this  respect  a  characteristic  impedance  curve  (will  called  a 
bounuary  curve  in  the  following)  exists  via  inaging  the  impedance 
(or  conductance)  curve  of  the  T.D.  in  Pig.  15.  This  boundary 
curve  is  the  locus  of  all  inpedanoes  which  transform  into  the 
point  R  for  the  respective  frequency  parameter.  The  impedance 
curves  2L(w  )  of  the  circuit  to  be  tested,  may  not  interseot 
the  boundary  in  this  backward-diagram  for  the  same  frequency 
parameter,  but  may  posses  an  arbitrary  shape  as  a  function  of 
frequency  below  the  boundary  ourve.  How  in  respect  to  the  cri¬ 
terion  expressed  at  the  end  of  the  preceding  section,  a  circuit 
is  not  only  then  unstable  when  the  test  curve  intersects  the 
test  point  *thl8  would  be  the  specific  boundary  case  between 
stability  and  instability)  but  more  generally  expresoedt  the 
circuit  is  unstable  when  the  test  curve  encompasses  the  test 
point.  A  necessary  for  an  enconpaement  (enoiroling)  ia  that 
the  characteristic  curve  intersects  the  real  axis.' In  the  back- 


ward-diagram  the  last  requirement  «5q?z*aiiad  to  oha»MW*;; 

terietic  ottZ'ia  tc  be  tested  ,oay  not  inter eeot 
curve  (broken  curves  in  Fi&.  16)  at  a  mutual  fzoqutao^i^«^« 
!Wa  ;ia  required  sinoe  all  point  a -on  each  ourve  die  ,t*ii|fdx#d  .-r.. 
into  the  zeal  a xiu  at  the  respective  frequency  via  the  trans¬ 
formation  four  pole  (see  Fig.  13).  N 


Pig. 15 

Impedance  ourve  of  a  TC 


Thus  the  stability  criterion  in  the  backward  diagram  is  the 
following: 

The  circuit  is  etable  ?/hen: 

1.  the  character '.stic  curve  to  be  tested  Z  (o>  )  (or  Y.(u>  )) 

V  V 

must  remain  completely  below  the  boundary  curve  ox 

2.  the  characteristic  curve  to  be  tested  nay  intersect  or  bound 
the  boundary  curve,  but  only  under  the  condition,  that  no 
common  point  exists  for  the  same  frequency. 

Pig.  17  a  shows  an  example;  at  a  mutual  frequency  of  1.8  Go 
an  intersecting  point  exists  and  the  circuit  is  unstable.  In 
Pig.  17b  the  characteristic  curve  has  been  changed  in  euoh  a 
manner,  that  no  frequency  value  comuon  to  the  ohaxaoteristlo 
ourve  and  family  of  parametric  curves  exists  outside  of  the 
boumiary  curve. 


Pig  d? 

Stability  oi.6ck  in  the  backward-diagramm. 


H,  Stabilisation  of  Tunnel  Diode  Circuits  - 

31nce  an  unstable  circuit  does  not  perform  the  originally  design 
function  (in  this  case  the  T.D=  appears  to  have  considerably 
higher  negative  resistance)  the  recognition  of  the  stability 
considerations  mutt  be  accepted  as  fundamental  designing,  prin¬ 
ciples  of  »  rctv;crk  with  negative  resistances,. 

Prom  the  fact,  that  the  characteristic  curves  for  the  frequency 
a  0  always  begins  at  the  real  axis,  and  must  also  end  on  the 
real  axis  for  the  frequency  60 «  a  and  In  addition,  since  the 
curves  ccnsic  .-.red  here  can  only  follow  a  clockwise  curvature# 
and  inally  :•  1  pa  the  knowledge  of  the  reactanoe  (harrier  ca~ 
pacitenoe)  directly  adjacent  to  the  negative  resistance,  -an  • 
advantageous  insight  as  to  which  circuits  are  stable  in  pxin-  . 
cipai  and  which  are  principally  unstable  is  achieved, 

(In  the  follcving  the  use  of  the  backward  diagram  will  be 
avoided,  sines  it  la  suitable  for  concrete  investigations,  but 


Input  irapeda.  ee  of  the  bias  supply  (Zfor  a»:  1 

than  the’  magnitude  of  the  negnative  reeietahoe^v  ^  Shows., 
the  character  dot,  ic  curve.  Two  of  its-  -char  act eriSt&ee^ar  S  cora-  - 
pletely  sufficient  for  the  stability  considerations  it  beg in e 
at  Ri>  Rn  ior  ic  »  0  and  ends  at  the  point  Z  «  Q  d  ue  to  the 
hairier  capacity,  These  twe  end  points  of  the,  (in  all  caeea) 
closed,  characteristic  ourves,  lead  without  deviation,  toward e 
an  encircling  of  the  ppiht  lta,  independent  of.  any  additional  ' 
circuit  characteristics,  which  means,  independent  of  how  many 
and  how  large  the  characteristic  curve  loops  may  he  for  the 
finite  frequencies.  The  circiits  is  unstable  for  R^*- 


Vk" 


/  Fig.  IQ  ' 

/  Impedance  ourre  of  a  oirouit 
example  b#5>g  unstable  in 
principle. 


As  an  additional  example  of  a  b.ieioally  unstable  circuit,  the 
wide  band  matching  principal  via  lobp  formation  about  the  mat¬ 
ching  point  of  the  impedance  curve  as  used  in  high  frequency 
circuits  will  be  given*  If  a  network  (for  instance  .an  antenna) 
1b  to  be  ra+  :hed  to  the  real  iaput  impedance  of  the  generator  . 
over  iazgr  fr  equency  rarige,  then  the  ehazacfctaxietio-  durve  of 
the  input  impodax.ee  must  -leraain  "in  the  .immediate  .yibln^vef .  ■ 
matching  (  for  each'  frequency  in 

In  practice  this  is  accompliahetl  Ma-aatehing  aad  coi^xw^tijett 
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t  ion  ship  between  the  negatlvb  resistance  and  the  taagnitude  ofv 
the  respective  parallel  impedance  insertion,  thua  though 

JZl  -  Rq*  -  •/ 

If  this  effect  ia  to  remain  aide  band  in  nature,  then'  fcRlogoue 
to  the  above  mentioned  matching  phenomena,  the  value  }Zf  tr  the 
characteristic  curve  fox  Z(o» )  aue$  remain  in  the  iaaedla'tfc 


vicinity  of  Rfl  throughout  .the  largeet  possible  frequency  r.w*e, 

(She  expression  "matching"  ie  not  exact  ae  used  here.  In  one 
respect  the  ideal  situation  does  not  at  all  exist  when  Z  * 
and  on  the  other,  a  nef native  resistance  oan  never  be  matched 
to  a  positive  resistance  ae  far  power  tr^nsoioeion  is  oonoernftd.) 

The  stability  theory  forbide  the  16opping  principal  ae  depicted 
in  Pig*  19,  since  the  forced  olookwise  ouxving  loops  would 
encircle  the  teat  point.  The  characteristic  curve  in  Fig.  20 
does  not  contradict  the  stability  requirement. 


I 
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These  pure  qualitative  observations  already  allow  for  recogni¬ 
zing  the  circumstance,  'hat  the  desirable  effect,  realised  by 
the  negative  resistance,  can  only  be  achieved  in  a  narrow  band 
region.  It  oan  also  be  concluded,  that  a  Complicated  oircuit, 
which  tend?  to  develop  several  loop®,  has  little  ohanee  of 
giving  a  stable  network  when  oombined  with  a  negative  resistance* 


Experience,  resulting  from  practical  inveetigations  of  T.3>. 
circuits,  has  shown,  thit  also  those  circuits  which  should  be 
stable  when  analysed  according  the  stability  checking  procedure# 
mentioned,  actually  wet-  at  first  not  stable  when  the  cojres- 
ponding  circuit  waft -built  in  practice.  Characteristic  curve  neaip  ■$ 
suxemeat  ot  deter minatin  of  the. frequency  of  oscillation  have  ,  f 
ehown,  that  thin  instability  existed  considerably  outside  the 
operating  frequency  and  tid  not  seem  to  be  related  to  the  rfgttlO*^ 
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Importance  curve  of  a  circuit 
example  being  unstable  in 
principle 


Impedance  curve  of  the 
stable  oirouit. 


behaviour  of  She  inserted  circuit  components  nor  could  it  he  re¬ 
moves  by  changing  these  components.  This  situation  is  also  en¬ 
countered  ir  the  ciaplest  oixcuits;  it  la  due  to  the  reactanoe 
behaviour  of  the  parasitic  elements  which  are  at  first  unknown 
lot  a  particular  circuit  design  and  therefore  could  not  be  con¬ 
sidered  for  the  stability  teat. 

If  the  universal  application  of  the  T.])«  considers  the  unusual 
wide  band  behaviour  of  the  negative  resistance  as  a  general  ad¬ 
vantages  then  the  disadvantage?  that  this  wide  band  behaviour 
forces  a  stability  check  for  those  frequency  regions  in  which 
the  circuit  is  unknown  and  uninteresting,,  is  quite  evident.  In 
practice  it  hardly  probable  that  a  circuit,  which  has  readily 
;eoi  adjuatti  for  the  operating  frequency  range  by  varying  all 
.Incorporated  components,  suffices  the  require¬ 

ments  in  respect  to  the  impedance  curve  also  for  the  unlimited 
region  outside  of  this  range-. 


However  it  is  notioikle  to  influence  the  characteristic  curve 
via  a  freelg  chosen  supplementary  circuit,  in  such  a  manner,  that 
ahe  stability  of  the  network  alone  is  valid  within  the  operating 
frequency  range,  vtheieus  outside  the  operating  range  the  supple¬ 
mentary  network  (‘two  pole  stabilizer)  upeoifies  the  stability 
behaviour 


The  function  c  the  supplementary  network*  may  also  he  inoluded 
with  the  T.Bo  haraotexiatice  (this  network  must  he  inserted!  in 
the  immediate  vicinity  of  the  *E.D*f  for  example  at  the  T.D. 
socket)  and  the  circuit  contains  a  new  negative  resistance, whioh 
only  exists  within  the  operating  frequency  range j  outside  this 
range  the  neg.ies.  is  compensated  by  a  large  real  oonduotanoe. 

Fig.  21  shows  a  simple  example  in  this  respect:  a  tank  circuit 
of  Fig.  21a  is  to  be  deattenuated  by  a  partial  coupled  T.D-. 

In  principal  it  is  unavoidable,  that  the  equivalent  circuit  of 
of  this  partial  coupling  (Fig.  21b)  introduces  a  stray  inductance 
"L  ",  and  thereby  causes  the  chf racterintic  curve  pertaining 
to  the  terminals  where  the  T.D.  is  to  be  inserted,  contains  an 
additional  encirclement  above  the  operating  frequency  range  (3  no) 
which  cannot  be  influenced  by  a  change  of  the  tank  circuit 
loading;  the  circuit  is-unstable  (at  approx.  150  mc)» 


llcw  the  task  of  the  two-pole-stabilizez  is  to  remove  this 
additional  ericircirient  without  disturbing  the  characteristic  curve 
within  the  operating  frequency  range.  The  simplest  solution  is 
jbtained  by  using  a  RC-network  (with  the  smallest  possible  induc¬ 
tance)  which  is  connected  directly  parallel  to  the  negativ  resis¬ 
tance  (Fi",  22a);  the  altered  chuiucte  istic  curve  of  'Fig.  22b 
results  and  the  circuit  in  now  stable. 

In  other  caies,  in  which  the  undesirable  encirclement  ocaurs  at 
a  considerably  eaaller  frequency  deviation  from  the  operating 
freqnency  range,  an  narrow  band  two-pole-stabilizer  is  used 


Irflu*£oSnr  t he  impedance  ourve 
of  on  originally  ana table  circuit 
by  a  "tvo-pole»8tabilizer  . 


k-V .  kjt  and  e).  The  common  feature  of  all  these  examples  is  the 
positive  atx- riuatln^  resistance.  The  practical  design  proce¬ 
dures  art  to  b-j  taken  iron  the  characteristic  curve  behaviour 

ii  the  backward  diagram. 


lv»r  microwave  applications  the  two-pole-statilieer  need  not  be 
inserted  diic-«-tly  at  the  T.D.»sirice  the  impedance  behaviour  along 
a  trunemio  :icn  l<ne  is  of  a  periodical  occurance  (for  example 
resonator  n  antenna). 

The  primary  at-va»  tage  of  this  supplementary  network  la,  that 
the  stability  oho  -k  via  characteristic  curves  need  than  only  be 
carijed  for  the  o, -orating- frequency  region  where  the  impedance 
behaviour  is  "au-lly  known. 

i  ' 
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‘  ■  '  The  antenna  . which  we  hove  investigated  was  chosen  ’to  ■ 

very  si  iple  fora  in  order  insure  that,  the  preliniary  invest  1-  T 

ration  is  ue  simple  as  possible  thus  yielding  reliable  results* 

,  According  tc  Pig-  24  the  antenna  is  a  unipole  in  which  one 

i  vertical  conductor  is  connected  to  the  conducting  ground  plane 

s  and  the  other  vortical  conductor  is  connected  to  the  coaxial 

input.  The  Tunnel  Diode  is  located  at  the  highest  geometrical 
*  phiiit  of  the  radiator:  between  the  two  conductors.  The  bias 

voltage  is  fed  to  the  tunnel  diode  via  the  two  perpendicular 
conductor  a. 


Fig. 24 

Unipole  with  TP  in  the 
I :  '  folding  point. 

i  ; 

|  i 
*  • 


ground  plane 


ij’AUtat  j-IOpt. 


The  moot  itiyor+  int  requirement  which  is  to  be  set  on  the  eye-' 
tca  io  that  the  tunnel  diode  is  not  in  a  state  of  self  excita¬ 
tion.  Due  to  the  unavoidable  reactive  components  of  an  antenna* 
the  danger  self  excitation  io  especially  great, if  the  dunnel 
diodes  arc  combined  with  antennas.  Two  positive  resistances 
can  be  connected  in  parallel  to  the  T.D.  (see  Figo  25)  thus 
allowing  for  un  adjustment  of  the  resulting  negative  resistance. 
This  arrangement  is  not  only  desirable  for  the  measurement  et 
the  antenna  feeding  point  impedance,  but  is  also  part  of  the 
stabilising  arrangement  which  is  tried  here,.  The  advantage  of 
this  arrangement  fox  adjusting  the  negative  resistance  is  that 
the  operating  point  remains  within  the  linear  region  of  the  ; 


abareet**tE»ia  2.D.  ouxve.  In 
capacitance  wae  used  since  many  ease*  of 
be  avoided  by  suitable  adjustment  of  the  capacitance* 


capacitor 


•.  mJ) 


Luring  the  nienoa .  ementa  the  AC-voltug.e  at  the  T>Do  must  be 
C'easurod  continuously  fox  control-  Therefore  a  diode  (for  detec¬ 
tion  of  AC)  is  also  connected  in  parallel  to  the  T..T>,,  which 
allows  fox  osasu-enent  sensitivity  of  3  •(1C,1"’5  volts.  The  ind  i-. 
cation  obtained  from  this  diode  arrangement  allows  for  checking 
the  circuit  stability;  in  case  cf  instability „  the  resistance 

i 

end  capacitance  of  the  stabilizing  network  can  be  varied  until 
t futility  is  obtained.  The  condition  of  self  excitation  can 
easily  be  ob.etvud  in  that  corresponding  voltage  amplitude  of 
C.t  volts  or  mo re  is  measured  at  the  test  diode  Thus  already 
a  slight  tendency  towards  a  self  excitation  oan  easily  be  ob¬ 
served.  In  ale:  it  Ion  this  arrangement  enables  the  supervision 
of  the  AC  vc it ago  which  exists  at  the  TkD.  due  to  the  impedance 
measurement  {AC  voltage  is  fed  to  the  antenna  for  this  measure¬ 
ment  ) ,  • 

Thie  voltage  should  not;  be  much  larger  than  0.02  volte  between 
the  two  termii.ala  of  the  T.D..  sines  the  tunnel  diode  impedance 
changes  for  tbv  case  of  larger  voltages  due  to  the  nonlinearity 
cf  the  current.  ' 


Since  the  "T  >D* "  Is  to  be  operated  at  high  frequencies  and  eihaa 


the  3!*DT  mount  should  not  radiate*  the  latter  should  be  rather 


mU  In  ale*  and  should  be  of  extremely  low  induotanes 
Tig.  25  *hows  the  construction  of  the  mount. 


The  T. Do  is  placed  in  the  oentez  threaded  hole  of  the  mount  and 
fastened  via  two  sezewa,  on*  located  in  each  end  of  hole. 

Two  similar  threaded  hole  fastening  arrangements  are  looated 
adjacent  to  T.D.  mount  foz  the  purpose  of  oonneoted  R1  and 
R2  in  paxallel  to  the  T.D..  These  two  resistances  determine 
the  attenuating  cr  loading  resistance  "R"  of  the  stabilising, 
oircuit.  "C  is  a  variable  capacitor.  "D"  is  the  detection 
diode  which  is  used  to  measure  the  A Q  voltage. 


One  end  of  the  diode  is  AC  connected  to  the  system  via  the 
oapaoitor  "C^H.  The  resistance  nRm"  serves  as  a  feed -in  for 
the  DC  current  of  the  detection  diode.  ,,L"  le  the  lead  wire 
within  the  antenna  conductor  through  which  the  DC  ouxrent 
of  the  detection  diode  is  aoessible  for  measurement.  The  com¬ 
plete  construction  is  schematically  shown  by  Tig.  27. 
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Circuit  diagram  of  the  ?D- 
nount  in  the  folding  point. 


Bo  Measurement  of  Impedances  containing  negative  resistances 

The  impedances  were  measured  by  using  a  slotted  ooaxial  line. 

In  accordance  with  Pig.  28  the  line  "L  "  is  connected  to  the 
coaxial  adapter  a  The  slotted  line  is  thus  a  part  of  the  complete 
T.D.  clroult  and  must  be  Included  in  the  stability  consideration* 
Since  for  easy  stabilisation  the  number  of  resonant  frequencies 
of  the  circuit  must  be  kept  as  small  as  possible,  it  is  appro** 
pTiate  to  terminate  the  input  of  the  Blotted  line  with  a  resis¬ 
tance  "R  a  ZQ”  (characteristic  impedance  of  the  line)  which  is 
frequency  Independent.  Then  the  entire  line  behaves  as  a  fre¬ 
quency  independent  resistance 'nZ09. at  the  base  of  the  antenna 
and  does  not  oontain  any  resonanoes.  However  the  stabilisation 
of  the  circuit  via  "R"  and  "C"  connection  at  the  T.D.  location 
in  accordance  with  Seotion  IXA  must  be  undertaken  when  the  slotted 
line  is  connected  to  the  oirouit. 

The  test  signal  obtained  from  the  test  generator  "M"  is  ooupled 
out  of  the  line  via  a  loosely  ooupled  oapaoltive  probe  ”PS” 
which  projeota  slightly  into  the  slot  of  the  line.  The  loose 
coupling  insures  that  the  stabilised  impedance  behaviour  is  not 
disturbed.  One  leg  of  the  unlpole  is  grounded.  The  other  leg 
serves  (in  addition  to  its  radiation  behaviour)  as  the  lead  for 
the  BO  bias  of  the  T.B.  in  that  it  extends  as  the  inner  con¬ 
ductor  of  the  slotted  line  and  is  accessible  behind  the  60  ohm 
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termination  ( the  outer  oonducter  of  the  slotted  line  is  AC 

grounded  via  a  large  capacitor  '*C  "  which  ie  connected  in  series 

/  u 

to  the  outer  conductor  at  the  dissection  of  the  sane  in  the 

vicinity  of  the  line  termination) -  The  teat  voltages  obtained 

at  the  a* ottcc'  line  are  very  snail  due  to  the  snail  voltage 

regulation  t  /  v  ?  The  voltage  curve  along  the  slotted  line 

is  measured ..  ue  the  capacitive  probe  is  very  loosely  coupled 

to  the  line  Mie  measured  voltages  are  very  snail  and  a  sensitive 

receiver  ie  :sq. Ired.  '■ 

1  antenna  in  rn  ' 


groondpiune  \/ 
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.eat  aetup  lor  impedance  measurement « 

Actually  the  measurement  process  consists  in  determining  the 
ma'imum  voltage  "Tdmax"  and  the  ninimuo  voltage  ”Umin"  along  the 
line 


V3VH  =  3  = 


TJ 


max 

min 


an  defined  :n  this  equation  io  determined  by  using  a  suit¬ 
able  calibrated  voltage  divider  "VD" <.  (In  the  measuring  process 
tho  voltage  ut  the  receiver  output  is  kept  constant  by  adjusting 


the  VDf  the  attenuation  of  VD  whioh  hae  been  adjusted  to  achieve 
this  condition,  is  then  reoorded  in  eaoh  run,} 

If  the  input  inrpedanoe  "Z  -  -  R  +  JXN  contains  a  negative  real 
part  R"  then  the  olrole  diagram  in  the  complex  impedance  plane 

must  be  extended  in  suoh  a  manner  (as  shown  in  Pig. 29)  that 
negative  real  parte  oan  also  be  inoluded.  The  diagram  oirolea 
in  the  left  aide  of  the  plane  are  the  images  of  those  in  the 
right  side  of  the  plane.  The  VS'VH  values  could  lie  on  either  the 
right  hand  , which  contains  positive  resistive  components),  or 
the  left  haicd  side  (which  contains  negative  resitive  components), 
since  the  measured  VSWR  does  not  give  a ny  indication  as  whether 
the  real  part  of  the  impedanoe  is  negative  or  positive.  The  sign 
of  the  real  part  oan  be  determined  from  the  size  of  "Umax"  of  the 
oirouit  in 
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the  VD|  the  attenuation  of  VD  which  has  been  adjusted  to  achieve 
this  condition,  ie  then  recorded  in  eaoh  run.) 

If  the  input  Impedanoe  "35  «  -  R  ♦  JX"  oontaina  a  negative  real 
part  R"  then  the  oirole  diagram  in  the  oomplex  impedanoe  plane 

muet  he  extended  in  euoh  a  manner  (ae  shown  in  Pig. 29)  that 
negative  real  parte  oan  also  he  inoluded.  The  diagram  oirelsa 
in  the  left  side  of  the  plane  are  the  images  of  thoaa  in  the 
right  side  of  the  plane.  The  VS’VR  values  oould  lie  on  either  the 
right  hand  .whioh  contains  positive  resistive  components),  or 
the  left  hard  side  (whioh  oontaine  negative  resltive  components), 
eince  the  measured  VSWR  does  not  give  any  indication  as  whether 
the  real  part  of  the  impedanoe  is  negative  or  positive.  The  eign 
of  the  real  part  oan  he  determined  from  the  size  of  "U  x"  of  the 
oirouit  in  Fi5„28. 
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Cor  eapondinr  throry: 


lhe  generator  in  Pig,  28,  which  la  loosely  coupled  to  the  lins 
feet,  a  the  latter  with  a  current  "1"  whioh  is  independent  of  the 
load  (Pig,  3Ca),  The  termination  "R  *=  Z0”  at  the  lefV  hand  aide 
cl  the  line  can  se  transformed  to  the  location  of  the  ooupling 
point  (see  Fig.  50b)  "I"  and  MZC"  together  form  a  current  source. 
The  location  of  a  voltage  maximum  along  the  line  is  to  be  sought. 
Then  the  current  30urce  and  the  load  '*Z"  which  1b  to  be  measured 
is  transformed  t.»  the  location  of  a  voltage  maximum  as  shown  in 
Pig  30c  (vl  trh  doe3  not  change  in  the  transformation). 


Z  Pig  3oa 


it 


H*  i 


Z 


Plg,3ob 


Pig, 3oo 


i.;  5o  «  transmission  l  ine  having  a  termination  vhiBh  includes  a 
i  oirivc  or  a  negative  realpart. 

j'3  .  reault  cl  this  transformation,  "Z"  transforms  to  a  real 
i  eej  stance  h  a  z ^  when  the  real  part  of  "Z"  .is  positive,  and 

transform.  into  a  negative  real  resistance  R*  =»  -S-Z^  when  the 
it*;  '!  part  of  "3"  is  negative.  The  current  **X "  divides  itself  thus 
between  the  resistance  "I:"  and  the  reoiotance  "Rx  "  ,  In  this 
manner  the  maximum  voltage,  as  described  by  the  following  equation, 
Jr  obtained  lor  Pig.  30c  -  \ 


I) 


max 


Ui-Zj, 
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The  sign  in  the  denominator  is  the  same  as  the  sign  of  the  real 
part  of  "ZM. 

At  first  the  antenna  is  replaced  by  a  matohed  resistance  "R  *  Z  0" 
Then  the  following  voltage  is  measured  along  the  line  since  S  «  1* 

Kl  -  si1!*.  (ia) 


If  the  antenna  ia  now  inserted  as  a  couplex  load  "Z"  then  the 
following  is  valid  if  the  real  part  of  "Z"  is  positive: 


U 


U. 


max  < 


2  U. 


(13) 


If  "Z"  is  a  pure  reaotanoe  then  ltX/mny  m  2  UQn.  If  "ZM  contains 
a  negative  real  part,  then  the  following  is  valid: 


V 


2  U. 


(H) 


and  "Unax"  nave  an  arbitrary  large  value .By  measuring 
and  comparing  it  with  tJQ  the  sign  of  R*  can  be  found  by  help  of 


(13)  or  (14). 


0.  Example  of  a  Measurement  on  a  Folded  Dipole  with  gSD. 

The  following  example  has  been  chosen  in  order  to  explain  the 
principles  of  the  measurement  technique  and  thus  the  example  is 
rather  eiapleo  No  particularly  interesting  application  of  a  T.D. 
is  therein  described.  An  unsymmetrioal  antenna  having  coaxial 
feed-ln  allows  for  simpler  measurement  as  compared  to  a  symmetri¬ 
cal  antenna.  Therefore  one  half  of  a  folded  dipole  (that  portion 
above  the  conducting  plane )was  used. 

The  T.D.  is  located  in  the  crest  of  the  antenna  and  its  asso¬ 
ciated  impedance  also  influences  the  measured  impedance  at  the 
feeding  poi,nt.  If  the  bias  voltage  of  the  T.D.  is  changed, 
different  positive  and  negative  values  of  the  T.D.  resistance 
can  be  obtained.  Pig.  32  shows  the  measured  antenna  input  iape- 
danoe  for  various  diode  resistance  values. 
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TD 


Ki£,51  i  investigated 

antenna  desijn 


f  Tmrj 


i>  »ii>f  wwwwwiwjwyi 1  1 

<  conducting:  plan* 


measured  aduittuno* 


eym're  j  cal 


un symmetrical 


therefore  c  isea  exist  in  which  the  input  admittance  of  the  antenna 
contains  a  negative  real  part;  in  thiB  ca.se  the  antenna  nay 
operate  r.s  an  amplifier.,  hince  the  curve  of  the  input  admittance 
contains  lo  ipa  in  the  italics  plane,  a  certain  wide  hand  be¬ 
haviour  can  be  obtained  if  the  untenna  is  matched 
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Clo'aaary  of  Symbols 


h'lgen  value  of  a  network. 

Complex  frequency 

Ket.1  part  of  the  complex  frequency 

Hotuting  angle  of  a  vector,  drawn  from  the  origin 
to  a  curve, 

Admittance  nt  an  branch  of  n  network.  (Especially  of 
that  one,  which  contains  the  negative  resistor.) 

Admittance  at  those  terminals,  at  which  the  real  negative 
resistor  is  to  be  inserted. 

Pittance  at  those  terminals,  at  which  the  tunnel  diode 
in  tc  be  inserted. 

Voltage  standing  wave  ratio. 

Character lstic  impedance  oi  n  line. 


Glossary  of  Symbols 


Eigen  vulue  of  a  network. 

(iomplex  frequency 

Heal  part  of  the  complex  frequency 

Rotating  angle  of  a  vector,  drawn  from  the  origin 
to  a  curve, 

Admittance  at  an  branch  of  a  network.  (Especially  of 
that  one,  which  contains  the  negative  reoietor.) 

Admittance  at  those  terminals,  at  which  the  real  negative 
resiutor  is  to  be  inserted. 

..Pittance  at  those  terminals,  at  which  the  tunnel  diode 
4, m  tc  be  inserted. 

Voltage  standing  wave  ratio,, 

ihirakterlstic  impedance  oi  a  line. 
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“  9,  - 

hist  of  llluotratione 

bxmnple  of  o  simple  circuit  containing  q  negative 
resistor. 

Owroa  in  the  p  -  plane „ 

The  plotted  curve  of  the  aiding  P  -  Function. 

Kxiople  of  a  circuit  having  only  eeroa, 

1 x  inple  for  «  circuit  having  only  poles. 

holes  and  sexos  of  a  network  with  the  corresponding 
admittance  cimrakter istic  curves. 

: uitafcle'udaittance  curves  for  stability  check. 

i't  ability  tent  by  means  of  impedance  and  admittance 
curves, 

.equivalent  tunnel  diode  circuit, 

Kquivulent  ?l)-circuit  as  transformation  fourpole. 
!:x,impie  for  a  transformed  ad  ittunce  curve. 

Impedance  curve  of  a  tunnel  diode 
Haokward  diagram  of  a  tunnels  lode 
Stability  check  in  the  backward  diagram. 

lmpeaance  curves  cf  circuit  examples  being  inatafcle 
in  principle. 

Impedance  curve  of  a  stable  wide  bind  circuit. 

stability  problems  involved  v/ith  the  deutten.  of  a  tank 

Influencing  the  impedance  curve  of  an  originally 
instable  circuit  by  means  of  a  "two-pole-otabilieer 

Desi,  ns  of  uooe  Mtwo-pole-3tafciliKer " . 

In /eatigated  folded  unipole. 

Tu.nel  diode  mount  in  the  folding  .point. 


7 

29 

29 


10 


51 

32 


Circuit  diagram  of  the  tunnel  diode  mount. 

feat  set-up  for  impedance  measurement. 

Circle  diagram  in  the  complex  impeduncs  or 
admittance  plane. 

Transmission  line  having  a  termination  which  includes 
a  pc  itive  or  negative  real  part. 

Investigated  antenna  design. 

Measured  a*"  jittance  curves  of  the  tested  antenna  with 
and  without  tunnel  diode. 
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